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(54) Titie: INTEGRATED CIRCUIT BIOCHIP MICROSYSTEM 



(57) Abstract 

The present invention discloses a 
self-contained miniature biosensor designed 
to detect specific molecular targets, and in 
particular polypeptides and polynucleotides. 
IFor example, hybridized nucleic acids may be 
detected without external monitoring or signal 
transmission. The miniaturized biosensor 
comprises multiple biological sensing elements 
such as DNA probes, excitation microlasers, 
a sampling waveguide equipped with optical 
detectors (fluorescence and Raman), integrated 
electro-optics, and a biotelemetric radio 
^nequency signal generator all contained on 
a single integrated circuit, or "biochip". The 
novel integrated circuit biochip microsystem 
(ICBM) is suitable for gene analysis and will 
allow rapid, large-scale, and cost-effective 
production of biochips useful in the detection 
of biological con^sitions, including the 
development of multi-array gene chips. 
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Description 

Integrated Circuit Biochip Microsystem 

5 1.0 Background of the Invention 

The present application is a continuation-in-part of United States Patent 
Application Serial No. 08/979,672, filed November 26, 1997, the entire contents of 
which is specifically incorporated herein by reference in its entirety. The United 
States government has rights in the present invention pursuant to grant numbers DE- 
10 AC05-96OR22464 and DE-AC05-84OR21400 from the United States Department of 
Energy. 

1.1 Field of the Invention 

This invention relates to novel biochips that combine integrated circuit 
15 elements, electro-optical excitation and detection systems, and molecular receptor 
probes in a self-contained integrated microdevice. 

1.2 Description of Related Art 
1.2.1 Biosensors 

20 Biosensors use recognition properties of living systems which possess 

extremely selective bioreceptors (e.^., antibody, enzyme, gene probes etc) which 
allow specific identification and detection of complex chemical and biological 
species. A wide variety of chemical sensors, biosensors, bioanalytical instrumentation 
iising laser-induced fluorescence (Stevenson et al , 1 994), antibody-based 

25 immimofluorescence (Vo-Dinh etal 1987; Vo-Dinh etal^ 1991), and gene probes 
(Vo-Dinh etal^ 1994; Isola £/a/., 1996; Isola etal, 1998) have been developed in 
recent years. Due to the exquisite specificity of the DNA hybridization process, there 
is an increasing interest in the development of DNA bioreceptor-based analytical 
systems (Vo-Dinh etal, 1994; Isola etal, 1996; Isola etal, 1998; Schena etal, 

30 1995; Piunno etal, 1995; Kumar etal, 1994; Eggers etal,, 1994; Vo-Dinh etal. 
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1998; Fodor ./ al., 1991; McGall et ai, 1997). Gene probes using a detection scheme 
based on surface-enhanced Raman scattering (SERS) labels were recently developed 
to enhance both the selectivity and sensitivity of DNA biosensors (Vo-Dinh etal, 
1994; Isola a/., 1998). Recently the development of a fluorescence-based fiberoptic' 
genosensor for the Mycobacterium tuberculosis has been reported (Isola et aL, 1996), 
and a surface-enhanced Raman scattering (SERS) system for HIV detection (Isola 
etal., 1998). 



ia.2 Biosensors Based ON Biocmp Designs 

A basic interest has been in the development of inexpensive biosensors for 
enviromnental and biomedical diagnostics. Biosensors have been investigated, mostiy 
based on DNA probes and on various systems for analysis of oligonucleotide arrays, 
but tfiere appears to be lunited consideration and development of integrated circuit 
aC) gene probe-based biosensors on microchips. Existing systems typically employ 
photomultipliers or 2-dimensional detectors such as charge^^oupled device (CCD) 
systems which require bulky electronic and data conditioning accessories 
(Afifymetiix®http, 1997; Schenaera/., 1995; Piunnoe/a/., 1995; Kumar e/ a/., 1994; 
Eggars et al, 1994; Graham et al, 1992). 

Despite significant strides in developing DNA chips, detection and analysis 
metiiods have not been weU developed to take advantage of tire amount of information 
tiiat such chips can obtain in a short period of time. A common technique for 
detecting DNA probes involves labeling the probe with radioactive tags and detecting 
the probe target hybrids by autoradiography. Phosphorous-32 (^^P) is tiie most 
common radioactive label used because of its high-energy emission and, consequentiy 
short exposure time. Radioactive label techniques, however, suffer several 
disadvantages, such as limited shelf life. For example, ^¥ has a limited shelf life 
because it has a 14-day half-life. 

Several optical detection systems based on surface-enhanced Raman 
fluorescence of visible and near-infiared (NIR) dye probe labels have been 
investigated (Vo-Dinh et al., 1987; Isola et al., 1996) for non-radioactive detection of 
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tagged gene probes. Fluorescence detection is extremely sensitive v/hcn the target 
compounds or labeled systems are appropriately selected. Indeed, a zeptomole (10"^' 
mole) detection limit has been achieved using fluorescence detection of dyes with 
laser excitation (Stevenson et al^ 1994). Even so, detection systems are macro 
5 compared to the micro world of DN A arrays, as many detection/analysis methods are 
mere adaptations from other systems. This means that analysis is relatively slow, 
compared to data accumulation. 

L23 POLYNUCLEOTIDE-DeTECTING BlOCHIPS 

10 Much interest has centered recently on the development of DNA chips based 

on high density oligonucleotide arrays and fluorescence analysis such as described by 
Hacia et al, (1996), This principle has been commercialized in the Affymetrix® 
GeneChip® which was developed to process large amounts of genetic information. 
GeneChip® probe arrays are arranged on single chips in the form of tens of thousands 

15 of DNA probes that are designed to fluorescence when hybridized to tiieir targets. 
The light is scarmed with laser light and the light intensity stored for later 
computations (July 23, 1997, Affymetrix, Inc., http://www.afifymetrix.com/). 

Unfortunately, the DNA chips, while much like the microprocessor chips that 
currently run today*s technology, have yet to be successfully developed into 

20 integrated systems that conveniently interpret what information can be captured by 
DNA chips. Thus, an Affymetrix® chip that is stated to detect fflV mutations still 
requires an external scanning and interpretation of the signals that are generated by a 
DN A-captured nucleic acid 

25 12A Microorganism Detection and Identihcation Using Biochips 

The detection of biological species in complex systems is important for many 
biomedical and environmental applications. In particular, there is a strong interest in 
developmg detection techniques and sensors for use in such applications as infectious 
disease identification, medical diagnostics and therapy, as well as biotechnology and 

30 environmental bioremediation. An objective in developing new techniques and 



wo 99/27140 

PCTAJS98/25294 

-4- 

sensors is not only to be able to selectively identify target compounds but to be able to 
assay large numbers of samples. Yet, there remain problems in reproducibly detecting 
and measuring low levels of biological compounds conveniently, safely and quickly. 

13 DEnaENCiEs in the Prior Art 

Ther€ is currently a strong need for a truly integrated biochip system that 
comprises probes, samplers, detector as well as amplifier and logic circuitry on board. 
Such a system will be useful in many enviromnents, including inter alia, physicians 
offices, and can be used by relatively low-skiUed persomiel. Until now, most DNA 
biosensors previously reported are based on fiberoptic probes, glass and silica plates 
used as the probe substrates which are externally comiected to a photosensing system, 
which generally consists of a conventional detection device, such as a photomultiplier, 
or a charge-coupled device (CCD). Although the probes on the sampling platform are 
small (often referred to as a 'DNA chip' or 'gene chip'), the entire device containing 
excitation laser sources and detection systems (often a confocal microscope system) is 
relatively large, e.g.. table-top size systems. Alfliough these systems have 
demonstrated their usefulness in genomics research and analysis, they are laboratory- 
oriented and involve relatively expensive equipment 

Likewise, there is a need to develop biochip based sensors usefiU in the 
detection and quantitation of macromolecules otiier than DNAs. The development of 
sensors usefid in tiie detection of molecules such as RNAs, peptide-nucleic acids 
(PNAs), ribozymes, polypeptides, antibodies, enzymes, peptide fiagments, would 
represent a significant advance in the art and provide new methods and devices for the 
detection of molecules of biological importance. Furthermore, because of recent 
advances in the molecular sciences, the abiUty to detect and quantitate biomimetics, 
and new classes of biologically-active molecules such as DNA adaptamers ( ).' 
cyclodextiins ( ), dendrimers ( ), molecular imprints ( ), and the like would benefit 
fiom tiie creation of biochip-based apparatus capable of detecting and quantitating 
these, and otiier biologically- and medically-relevant macromolecules. 



wo 99/27140 



PCT/US98/2S294 



-5- 

There is therefore a distinct need for development of systems, devices, and 
apparatus that v^ill allow rapid, large-scale and cost effective analysis of these 
macromolecules, and permit the development of methods for detecting and 
quantitating biologically-relevant molecules. 

5 

2,0 Summary of the Invention 

The invention in its broadest aspect comprises an integrated microchip 
biosensor device. Such a device employs multiple optical sensing elements and 
microelectronics on a single integrated chip combined with one or more nucleic acid- 

10 based bioreceptors designed to detect sequence specific genetic constituents in 
complex samples. The microchips combine mtegrated circuit elements, electrooptics, 
excitation/detection systems and nucleic acid-based receptor probes in a self- 
contained and integrated microdevice. A basic biochip, for example, may include: (1) 
an excitation light source; (2) a bioreceptor probe; (3) a sampling element; (4) a 

15 detector; and (5) a signal amplification/treatment system. 

The integrated circuit biomicrochips of the present invention comprise an 
integrated circuit that includes an optical transducer and associated optics and 
circuitry for generating an electrical signal in response to light or other radiation 
indicative of the presence of a target biological species, particularly a nucleic acid. 

20 The chip may also include a support for immobilizing a bioprobe, which is preferably 
a nucleic acid In particular embodiments, a target nucleic acid may be tagged or 
labeled with a substance that emits a detectable signal; for example, luminescence. 
Alternatively, the bioprobe attached to the immobilized bioprobe may be tagged or 
labeled wdth a substance that emits a detectable or altered signal when combined with 

25 the target nucleic acid. The tagged or labeled species may be fluorescent, 
phosphorescent, or otherwise luminescent, or it may emit Raman energy or it may 
absorb energy. 

The highly integrated biosensors of the present invention are advantageous in 
part because of fabricating multiple optical sensing elements and microelectronics on 
30 a single integrated circuit, and further combining the chip in preferred embodiments 
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With a plurality of molecular hybridization probes (Geiger et al, 1990; Aubert et al.. 
1988). When the probes selectively bind to a targeted species, a signal is generated 
that is picked up by the chip. The signal may dien be processed in several ways, 
depending on the nature of the signal. 

In one aspect, the present invention concerns an integrated system that 
includes (1) a targeted nucleic acid sequence in combination with a biological probe 
which is modified to receive light or other radiation of a first fi^quency and thereby to 
emit light or other radiation of a diflFerent fi-equency than the first fi^uency, and (2) 
to detect the emitted radiation by means of a phototransducer. The target nucleic acid 
is typically a uniquely characteristic gene sequence of a pathogen such as a fungus, 
bacteria, or virus, or other distinct nucleic acid species such as may be found in 
mutant mammalian cells or in individuals with inherited errors of metabolism. TTie 
target nucleic acid is modified or labeled to include a tag or label that emits a signal 
upon exposure to an incident light or other radiation. 

The target nucleic acid may be immobilized onto the integrated microchip that 
also supports a phototransducer and related detection circuitry. Alternatively, a gene 
probe may be immobilized onto a membrane or filter which is then attached to the 
microchip or to the detector surface itself, such as the transducer detector described 
herein. This ^proach avoids the need to bmd the bioreceptor directiy to the 
20 transducer and thus is attractive for simpHfying large-scale production 

In one preferred embodiment of the invention, light of a highly directional or 
focused nature is impinged on a target nucleic that inherently or by virtue of an 
appropriate tag or label wiU emit a detectable signal upon irradiation. The irradiation 
may be provided by a suitable light source, such as a laser beam or a light-emitting 
diode (LED). WiHa, the Raman, fluorescence and phosphoroscence detection modes, 
tiie incident Ught is fiirther kept separate from tiie emitted light using different Hght 
paths and/or appropriate optical filters to block the incident light fiom the detector. 

A target nucleic acid sequence is preferably hybridized with a nucleic acid 
sequence tiiat is selected for that purpose (biopr^be). As stated earlier, the selected 
bioprobe is immobilized on a suitable substrate, either on the biochip itself or on a 
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membrane type material that is then contacted or attached to the chip surface. The 
bioprobe may be labeled with a tag that is capable of emitting light or other non- 
radioactive energy. Upon hybridization with a target nucleic acid sequence, the 
hybrid product can be irradiated with light of suitable wavelength and will emit a 
5 signal in proportion to the amount of target nucleic acid hybridized, see FIG, 20, The 
labeled bioprobe may comprise a labeled molecular bioreceptor. Known receptors are 
advantageous to use because of their known ability to selectively bind wdth the target 
nucleic acid sequence. In certain particular examples, the bioreceptor itself may 
exhibit changes in light emission v/hcn its cognate is bound. 
10 In certain applications, it may be desirable to increase the amount of biotarget 

when only trace quantities are present in a sample. Hie present invention is 
compatible with polymerase chain reaction (PGR), which is a technique to amplify 
DNA sequences. 

There are several methods for selectively identifying biological species, 

15 including antibody detection and assay as in the well-known Enzyme-linked 
Immunosuppresent Assays (ELISA) employing molecular hybridization techniques. 
Generally speaking, it is possible to identify sequence-specific nucleic acid segments, 
and to design sequences complementary to those segments, thereby creating a specific 
probe for a target cell, such as different pathogen cells or even manmialian cells that 

20 have mutated fi-om their normal coimterparts. In principle, one can design 
complementary sequences to any identified nucleic acid segment In many instances, 
unique sequences specific to an organism may be used as probes for a particular 
organism or cell type. The quantitative phenotypic analysis of yeast deletion mutants, 
for example, has utilized unique nucleic acid sequence identifiers to analyze deletion 

25 strains by hybridization with tagged probes using a high-density parallel array 
(Shoemaker a/., 1996). 

Hybridization involves joining a single strand of nucleic acid with a 
complementary probe sequence. Hybridization of a nucleic acid probe to nucleic acid 
sequences such as gene sequences from bacteria, or viral DNA offers a very high 

30 degree of accuracy for identifying nucleic acid sequences complementary to that of 



wo 99/27140 

PCT/US98/25294 

-8- 

the probe. Nucleic acid strands tend to be paired to their complements in double- 
stmnded stmctures. Thus, a single-stranded DNA molecule will seek out its 
complement in a complex mixture of DNA containing large numbers of other nucleic 
acid molecules. Hence, nucleic acid probe ie.g.. gene p,x,be) detection methods ai^ 
very specific to DNA sequences. Factors affecting the hybridization or ^association 
of two complementary DNA strands include temperature, contact time, salt 
concentration, the degree of mismatch between the base pairs, and the lengA and 
concentration of the target and probe sequences. In perhaps tire simplest procedure 
hybridization is performed on an immobilized target or a probe molecule attached on 
a solid surface such as a nitrocellulose or nylon membrane or a glass plate. 

3.0 Brief Description OF THE Drawings 

For a more complete understanding of tiie present invention and tiie 
advantages tiiereof, reference is now made to tire following description taken in 
conjunction witir tire accompanying drawings in which like reference numbers 
indicate like features and wherein: 

MG. 1 illustrates a schematic, exploded view of an example of a DNA biochip 
of the invention. 

nc. 2 illustrates a schematic diagram of one possible optical detector and 
amplifier circuit tiiat may be implemented on an mtegrated circuit in order to convert 
an optical signal into an electrical signal suitable for data digitization and capture by a 
computer. 

FIG. 3 is a perspective, partially enlarged and exploded schematic view of a 
biochip having multiple arrays of exciting Kght sources and detectors. 

HG. 4 is a schematic, sectional view of an integrated circuit microchip system 
for a biochip witii integrated light emitting diode excitation sources. 

FIG. 5 Ulustrates a schematic circuit diagram for an integrated light emitting 
diode (LED) light source and phototiansistor detection device. 

FIG. 6 iUustiates a schematic layout of an integrated cireuit tirat implements 
the light source and detection device illustaated m HG. 5. 
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FIG. 7 illustrates a physical layout of a large-area, 4x4 w-well integrated 
amplifier-photodiode array designed as a single, custom integrated circuit 

FIG, 8 illustrates a schematic cross-section of an /j-well photodiode used in 
the photodiode array of FIG. 7. 
5 FIG. 9 illustrates a detection circuit for use in conjunction with the photodiode 

array of FIG. 7, 

FIG. 10 illustrates an alternative detection circuit for use in conjunction with 
the photodiode array of FIG. 7. 

FIG. 11 illustrates schematically an analog multiplexer that enables any 
1 0 element in the photodiode array of FIG. 7 to be connected to an amplifier. 

FIG. 12 illustrates one possible schematic implementation of the multiplexer 
in FIG, 1 1 for use with 16 cells. 

FIG. 13 illustrates schematically a partially-parallel system that may be used 
to obtain data fi-om the photodiode array shown in FIG. 7. The partially-parallel 
1 5 system has only a read-oxit system for every row of photodetectors, 

FIG. 14 illustrates a fully-parallel system that may be used to obtain data fi-om 
the photodiode array shown in FIG. 7, The fixlly-parallel device has a read-out system 
(amplifier, electronics) for every photodetector. 

FIG. 15 shows a calibration curve for an NIR dye-labeled single-stranded 
20 DNA (5'-CCTCCTCCTTCCCAGCAGGG-3'; SEQ ID N0:1) over a concentration 
range from 1 pmol/^L to 3 finol/nL. 

FIG. 16 illustrates the results of measurements of gene probes tagged with 
fluorescein, a dye label emitting in the visible range. 

FIG. 17 illustrates the performance of an integrated circuit microchip (ICM) 
25 phototransistor and amplifier circuit consisting of a 2 )im, />-well CMOS process 
occupying an area of 160,000 square microns and 220 phototransistor cells connected 
in parallel by showing the signal output response for various concentrations of the dye 
label Rhodamine-6G excited with a small helium-cadmium laser (8 mW, 325 nm). 

FIG. 18 illustrates schematically an experimental setup that may be used to 
30 evaluate a 4 x 4 array axnplifier/phototransistor integrated circuit microchip device. 
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FIG. 19 illustrates the results when four sample spots of 1 ^ of fluorescein 
labeled DNA were placed on a nitrocellulose membrane that was translated over a 
detection channel of the device shown in FIG. 18. 

FIG. 20 illustrates die calibration curve of fluorescein labeled DNA using the 
device shown in FIG. 1 8. 

FIG. 21 illustrates an embodimem of the present invention that is used for 
absoiption and reflection measurements. 

FIG. 22 is a schematic vertical section of a portion of a biochip of the 
invention that may operate with eidier luminescent or Raman radiation. 

FIG. 23 is a schematic vertical section of a portion of a biochip that may 
employ luminescent or Raman energy for detection, or may operate by detecting the 
degree of absorption of a light beam. 

FIG. 24 illustrates a plan view of one embodiment of the present invention 
that is used to detect samples &om a microfluidic device via a plurality of cells. 

FIG. 25 illustrates a schematic vertical section of a microfluidic injection 
system for liquid and gas sample in and out of the ICM chip used in the embodiment 
illustrated by FIG. 24. 

FIG. 26 aiustrates an embodiment of the present invention diat is used to 
detect samples from a microfluidic device using an imaging lens, bmao^ optics, or a 
lens array to image each microfluidic channel onto a detector element of tiie ICM. 

FIG. 27 aiustrates a micro-electromechanical system (MEMS) that is used to 
constiiict an ICM with Random Access Microsensing. 

FIG. 28 iUustrates an overview of an ICM system that uses the MEMS 
depicted in FIG. 27. 

FIG. 29 iUustrates an embodiment of the present invention that uses 
individually addressable, integrated vertical-cavity surface-emitting lasers (VCSEL) 
and on-axis and/or off-axis diffractive lenses. 

FIG. 30 is an LED driver circuit where V, is a DC voltage (5V, for example) 
and is a DC voltage (5 V to turn on LED and OV to turn off LED) or a pulse train 
with 5V levels turning on tiie LED and OV turning oflFthe LED. 
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FIG, 31 shows an instrumental system to produce DNA sample microarrays. 
Identified are 601, a pico-pump controller, 602, the pico-pump; 603, dispensing tip; 
604, sample; 605, substrate; 606, mesh fiit; 607, vacuum inlet; 608, dual-axis 
translation stage; and 609, computer controller. 
5 FIG. 32 shows an illustrative embodiment of the Biochip of the present 

invention. 

FIG. 33 shows the results of hybridization occurring between complementary 
DNA sequences and the detection of fluorescence signals using a nucleic acid biochip. 
Fluorescence signals higher than the background were detected on the biochip 

10 channels where hybridization of labeled DNA HIV 1 gene probes with 
complementary bound-DNA fi:agments had occurred. The 4x4 array signals of the 
3-dimensional plot demonstrated positive hybridization with the HIV 1 probes used. 
A reference system of negative blank samples (consisting of DNA probes which did 
not have the sequence of the HTV 1 gene) showed only weak background fluorescent 

IS signals. 

4.0 Description of Illustrative Embodiments 

4.1 DEnNITlONS 

An integrated circuit (IC) is a circuit comprised of elements such as 
20 transistors, resistors and capacitors fabricated in a single piece of semiconducting 
material, usually silicon or gallium arsenide. As used herein, "integrated circuit" not 
only refers to the common definition but also to highly integrated structures including, 
for example: 

1) multichip modules vdiere several IC's and other circuit elements 
25 including molecular target probes may be combined compactly on a polymer, quartz, 

glass, sliver, ceramic or other substrates. In some cases, one IC may be the substrate 
with other components, such as photodiodes or LEDs mounted on it; 

2) Hybrid microcircuits vAieve one or more IC's and other circuit 
elements are mounted on or several substrate(s); and, 
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3) Other compact electromechanical arrangements of a circuit comprising 
primarily one but possibly more IC's and other electronic components and 
microelectromechanised systems (MEMs). 



5 4.2 Some Advantages of the Invention 

The DNA Biochip system offers a unique combination of performance 
capabilities and analytical features of merit not available in any other DNA analysis 
system currently available. With its multichannel capability, the DNA Biochip 
technology is the only current system that allows simultaneous detection of multiple 

10 DNA targets sunultaneously. The present biochip also offers several advantages in 
size, performance, fabrication, analysis and production cost. The small sizes of the 
probes (microliter to nanoliter) minimize sample requirement and reduce reagent and 
waste requirement Highly integrated systems lead to a reduction in noise and an 
increase in signal due to the improved efficiency of sample collection and the 

15 reduction of interfaces. The capabUity of large-scale production using low-cost IC 
technology is an important advantage. The assembly process of various components 
is made simple by integration of several elements on a single chip. For medical 
applications, this cost advantage wiU allow the development of extremely low cost, 
disposable biochips that can be used for in-home medical diagnostics of diseases 

20 without the need of sending samples to a laboratory for analysis. 

43 Design and Operating Principle of the DNA Biochip 
43.1 Integrated Biochips 

Two fimdamental operating principles of a biosensor are: (1) Tjiological 
25 recognition'; and (2) 'sensing'. The basic principle of a biosensor is to detect this 
molecular recognition and to transform it into another type of signal using a 
transducer. There are different types of transducers which may produce either an 
optical signal (/.e. optical biosensors) or an electrochemical signal 
(Le. electrochemical biosensors), or a mass-based signal {e.g., microbalances, surface- 
30 acoustic wave devices, micro-cantilevers). There are also different types of 
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bioreceptors which may consist of an enzyme, an antibody, a nucleic acid fragment, a 
chemoreceptor, a tissue, an organelle or a microorganism. Sometimes a synthetic 
molecule, often called biomimetic receptor (e.g., synthetic antibody, molecular 
imprint) can be used to mimic the properties of biological receptors. 
5 The inventors have developed an integrated DNA biochip which uses nucleic 

acid probes and detection system into a self-contained microdevice. The DNA 
biochip involves the combination of integrated circuit elements, electro-optics 
excitation/detection system, and DNA-based bioreceptor probes into a self-contained 
and integrated microdevice. A basic DNA biochip includes: (1) excitation light 

10 source with related optics; (2) a bioprobe; (3) a sampling platform and delivery 
system; (4) an optical detector with associated optics and dispersive device; and (5) a 
signal amplification/treatment system. 

Construction of a DNA biochip involves integration of several basic elements 
of very different natures. The basic steps include: (a) selection or development of the 

15 bioreceptor; (b) selection of the excitation source; (c) selection or development of the 
transducer; and (d) integration of the excitation source-bioreceptor-transducer system. 
The development of tiie DNA biochip comprises three major elements. The 
first element involves the development of a bioreceptor probe system: a microarray of 
DNA probes on a multiarray sampling platform. The second element is focused on 

20 the development of non-radioactive methods for optical detection: the fluorescence 
technique. The third element involves the development of an integrated electro-optic 
IC system on a single chip for biosensing: photodiode-amplifier microchip using the 
CMOS technology. 

43 J, Operating Principle of Polynucleotide Probes: 
Molecular Hybridization 

Whereas the use of immunological probes is based on antibody-antigen 
reactions, the operation of gene probes is based on the hybridization process, which is 
one of tiie most powerful and useful techniques in molecular genetics. Hybridization 
involves the joining of a single strand of nucleic acid with a complementary probe 
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sequence. Hybridization of a nucleic acid probe to DNA biotargets (e.g.. gene 
sequences, bacteria, viral DNA, p53 cancer gene mutation etc.) offers a very high 
degree of accuracy for identifying DNA sequences complementary to that of the 
probe. Nucleic acids strands tend to be paii«i to their sequence complements 
(te. adenine-thymine, guanine-cytosine pairing) in the corresponding double-stranded 
structure. A single-stranded DNA molecule will seek out its complement in a 
complex mixture of DNA containing large numbers of other nucleic acid molecules. 
Various types of gene probes have been developed that are labeled with fluorescent 
(Isola etal., 1996; Vo-Dinh et al, 1998; Vo-Dmh e/a/.. 1998) or Raman labels (Vo- 
Dinhe/a/., 1998; Isola e/ a/., 1998). 

4J3 Microsampling Platform 

DNA probes can be directly or indirectly immobilized onto the biochip 
transducer sensing element to ensure optimal contact and maximum detection. When 
immobilized onto a substrate, the gene probes can be reused repeatedly. In one 
embodiment, hybridization is performed on an immobilized target or a probe molecule 
attached on a solid surface. DNA can be bound to different types of support materials 
using several methods. The method commonly used for binding DNA to glass 
involves silanization of the glass surface followed by activation with carbodiimide or 
glutaraldehyde. 

Another embodiment involves immobUizmg the gene probes onto a membrane 
platform which is placed on the transducer detection surface. In this mamier, there is 
no need to bmd the bioreceptor onto the biochip transducer, which may facilitate 
easier large-scale production. 

In still another embodiment, 5'-terminal protecting groups are selectively 
removed ftom growing polynucleotide chains in pre-defined regions of a support 
(such as glass) by contioUed exposure to light through a photolithographic mask 
(Fodor etal., 1991; McGall etal. 1997). This method may be used to fabricate 
polynucleotide probe arrays witfi densities as high as about 10* unique probe 
sequences per cm^ 
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Plastic plates (often used in multi-well format) suitable for direct adsorption of 
DNA can be used to develop sampling platforms for the biochip. Chemically 
activated plates suitable to bind DNA by covalent linkage are also cormnercially 
available for use (CoStar, Cambridge, MA). Multiarrays of sample spots are 
5 produced, and liquid solutions of DNA are dispensed onto the sampling platform 
using a pneumatic Picopump (FIG, 31) (World Precision Instruments, Sarasota, FL). 
The Picopimip is capable of producing regular microspots with diameter size range of 
500-800 ^m, which can be selected to match the size of the biochip detector elements. 
The DNA sample is loaded into a small diameter glass capillary, vMch is held a few 

10 millimeters above tiie sampling platform. The membrane is held in place on a 
vacuimi flask fitted with a metal mesh frit. The vacuum procedure served two 
important purposes. First the vacuiun applied to the membrane improves the 
reproducibility of the spotting by maintaining the membrane flat against the metal 
mesh surface. The vacuum procedure also has a shortening effect on the sample 

15 drying process, which decreased the sample spot size by preventing the spread of 
sample though the sampling platform. The biochip forma can be designed to be 
compatible to polymerase cham reaction (PCR™), which is an important technique 
allowing replication of defined DNA sequences, thereby amplifying the detection of 
these sequences. 

20 

4 A Biosensor Probes 

The development of biosensor technologies for detection of trace quantities of 
biological species in complex systems is important for many biomedical and 
enviromnental applications. Spectroscopic chemical sensors and biosensors have 
25 been developed using laser induced fluorescence, room temperature phosphorescence, 
surface enhanced Raman spectroscopy, antibody based immunofluorescence and gene 
probe Raman sensiing methods, including gene probes having surface-enhanced 
Raman scattering labels to enhance the selectivity and sensitivity of chemical sensors 
and biosensors (Vo-Dinh ei al, 1994). 
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The present invention uses spectroscopic tecimiques such as luminescence 
with visible and NIR labels is a useful detection scheme for gene biosensor, without 
having the limitation of radioactive methods. 

Non-radioactive probes, particularly gene probes, are desirable because of 
their selectivity in addition to avoiding the hazards involved with radioactive 
materials. Recognition and detection of biological species is based on the principle 
that ceU specific nucleic acid sequences can be specifically recognized and can be 
combined with a receptor that specifically binds with that species. Such receptors 
include, for example, antibodies, enzymes, cells, bacterial probes, complementary 
nucleic acids, or nucleic acids that selectively hybridize with a cell-specific nucleic 
acid sequence. Receptors may be found and employed in the form of organeUes, 
tissue components, chemor«:eptors or even whole cells or microorganisms. Other 
types of receptors may include biomimetic materials such as cyclodextrins, molecular 
imprint materials, etc. 

Gene probes operate on a hybridization process. Hybridization involves 
joining of a single strand of nucleic acid with a complementary probe sequence. 
Hybridization of a nucleic acid probe to a biotarget such as bactedal or viral DNA or 
RNA or selected gene segments, offers a high degree of accuracy for identifying 
nucleic acid sequences complementary to the probe. Nucleic acid strands tend to be 
paired with complementary strands, such as is typicaUy found in double-stranded 
DNA structures. Therefore, a single-stranded DNA (or RNA) will seek out its 
complement in a complex mixtme of DNA containing large numbers of other nucleic 
acid molecules. Nucleic add probe or gene probe detection methods are specific to 
DNA sequences. Factors affecting the hybridization or reassociation of two 
complementary DNA strands include temperature, contact time, salt concentration, the 
degree of mismatch between the base pai,^, and the length and concentration of the 
target and probe sequences. 
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4.5 Peptide Nucleic Acid Compositions 

In certain embodiments, the inventors contemplate the use of peptide nucleic 
acids (PNAs) in the practice of the methods of the invention. PNA is a DNA mimic 
in which the nucleobases are attached to a pseudopeptide backbone (Good and 
5 Nielsen, 1997). PNAs are able to be utilized in a number methods that traditionally 
have used RNAs or DNAs. Often PNA sequences perform better in techniques than 
the corresponding RNA or DNA sequences and have utilities that are not inherent to 
RNA or DNA. An excellent review of PNA including methods of making, 
characteristics of, and methods of using, is provided by Corey (1997) and is 
1 0 incorporated herein by reference. 

4.5-1 Methods of Making PNAs 

According to Corey, PNAs have 2-aminoethyl-glycine linkages replacing the 
normal phosphodiester backbone of DNA (Nielsen et ai, 1991; Hanvey et ai, 1992; 

15 Hyrup and Nielsen, 1996; Neilsen, 1996). This chemistry has three important 
consequences: firstly, in contrast to DNA or phosphorothioate oligonucleotides, 
PNAs are neutral molecules; secondly, PNAs are achiral, Avhich avoids the need to 
develop a stereoselective synthesis; and thirdly, PNA synthesis uses standard Boc 
(Dueholm et ai, 1994) or Fmoc (Thomson et ai, 1995) protocols for solid-phase 

20 peptide synthesis, although other methods, including a modified Merrifield method, 
have been used (Christensen et aL, 1 995). 

PNA monomers or ready-made oligomers are commercially available from 
PerSeptive Biosystems (Framingham, MA, USA). PNA syntheses by either Boc or 
Fmoc protocols are straightforward using manual or automated protocols (Norton ei 

25 ai, 1995), The manual protocol lends itself to the production of chemically modified 
PNAs or the simultaneous synthesis of families of closely related PNAs. 

As with peptide synthesis, the success of a particular PNA synthesis will 
depend on the properties of the chosen sequence. For example, vdiile in theory PNAs 
can incorporate any combination of nucleotide bases, the presence of adjacent purines 

30 can lead to deletions of one or more residues in the product In expectation of this 
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difficulty. it is suggested that, in producing PNAs with adjacent purines, one should 
repeat the coupling of residues likely to be added inefficiently. This should be 
followed by the purification of PNAs by reverse-phase high-piessure liquid 
chromatography (Norton et al.. 1995) providing yields and purity of product similar to 
those observed during the synthesis of peptides. 

Further discussed by Corey are desired modifications of PNAs for given 
applications. Modifications can be accomplished by coupling amino acids during 
solid-phase synthesis or by attaching compounds that contain a carixjxylic acid group 
to the exposed N-terminal amine. Alternatively. PNAs can be modified after 
synthesis by coupling to an introduced lysine or cysteine. The ease with which PNAs 
can be modified facilitates optimization for better solubility or for specific fimctional 
requirements. Once synthesized, the identity of PNAs and their derivatives can be 
confirmed by mass spectrometry. Several studies have made and utilized 

modifications of PNAs (Norton et al, 1995; Haaima ./ al, 1996; Stetsenko et al., 
1996; Petersen era/.. 1995; Uhnami e/ a/., 1996; Koch e/ a/.. 1995; Orume/a/.. 1995] 

Footer et al. 1996; Griffith et al, 1995; Kremsky et al., 1996; Pardridge et al. 1995.' 

Boffe et al.. 1995; Landsdorp et al, 1996; Gambacorti-Passerini et al.. 1996;' 

Armitage et al.. 1997; Seeger et al. 1997; Rusckowski et al. 1997). United States' 

Patent No. 5.700.922 discusses PNA-DNA-PNA chimeric molecules and their uses in 

diagnostics, modulating protein in organisms, and tr^tment of conditions susceptible 

to therapeutics. 

4^^ Physical Properties OF PNAs 

In contrast to DNA and RNA, which contain negatively charged linkages, the 
PNA backbone is neutml. In spite of this dramatic alteration, PNAs reco^ 
complementary DNA and RNA by Watson-Crick pairing (Egholm et al. 1993), 
validating the initial modeling by Nielsen et al.. (1991). PNAs lack 3' to 5' polarity' 
and can bind in either parallel or antipaiallel fashion, with the antiparallel mode being 
preferred (Egholm et al. 1993). 
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Hybridization of DNA oligonucleotides to DNA and RNA is destabilized by 
electrostatic repulsion between the negatively charged phosphate backbones of the 
complementary strands. By contrast, the absence of charge repulsion in PNA-DNA or 
PNA-RNA duplexes increases the melting temperature (7^) and reduces the 
5 dependence of r^, on the concentration of mono- or divalent cations (Nielsen et al, 
1991), The enhanced rate and affinity of hybridization are significant because they 
are responsible for the surprising ability of PNAs to perform strand invasion of 
complementary sequences within relaxed double-stranded DNA. In addition, the 
efiBcient hybridization at inverted repeats suggests that PNAs can recognize secondary 

10 structure effectively within double-stranded DNA. Enhanced recognition also occurs 
with PNAs inmibbilized on surfaces, and Wang et ai, have shown that support-boxmd 
PNAs can be used to detect hybridization events (Wang et al, 1996). 

One might expect that tight binding of PNAs to complementary sequences 
would also increase binding to similar (but not identical) sequences, reducing the 

15 sequence specificity of PNA recognition. As with DNA hybridization, however, 
selective recognition can be achieved by balancing oligomer length and incubation 
temperature. Moreover, selective hybridization of PNAs is encouraged by PNA-DNA 
hybridization being less tolerant of base nusmatches than DNA-DNA hybridization. 
For example, a single mismatch within a 16 bp PNA-DNA duplex can reduce the T^^ 

20 by up to 15X (Eghohn et aL, 1993). This high level of discrimination has allowed 
the development of several PNA-based strategies for the analysis of point mutations 
(Wang et ai, 1996; Carlsson et aL, 1996; Thiede et aL. 1996; Webb and Hurskamen, 
1996;PerTy-0*Keefee/a/., 1996). 

High-affinity binding provides clear advantages for molecular recognition and 

25 the development of new applications for PNAs. For example, 1 1-13 nucleotide PNAs 
inhibit the activity of telomerase, a ribonucleo-protein that extends telomere ends 
using an essential RNA template, while the analogous DNA oligomers do not (Norton 
e/ a/., 1996). 

Neutral PNAs are more hydrophobic than analogous DNA oligomers, and this 
30 can lead to difficulty solubilizing them at neutral pH, especially if the PNAs have a 
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high purine content or if they have the potential to form secondary structures. Their 
solubility can be enhanced by attaching one or more positive charges to the PNA 
termini (Nielsen e/ a/., 1991). 

4^3 Applications OF PNAs 

Findings by Allfrey and colleagues suggest that strand invasion will occur 
spontaneously at sequences within chromosomal DNA (Bofifa et al, 1995; Boffa et 
al.. 1996). These studies targeted PNAs to triplet repeats of the nucleotides CAG and 
used this recognition to purify transcriptionally active DNA (BofiEa et al. 1995) and to 
inhibit transcription (Bofife et al.. 1996). This result suggests that if PNAs can be 
delivered within cells then they will have the potential to be general sequence-specific 
regulators of gene expression. Studies and reviews concerning the use of PNAs as 
antisense and anti-gene agents include Nielsen et al. (1993b). Hanvey et al. (1992), 
and Good and Nielsen (1997). Koppelhus et al.. (1997) have used PNAs to inhibit' 
mv-l inverse transcription, showing that PNAs may be used for antiviral therapies. 

Methods of characterizing the antisense binding properties of PNAs are 
discussed in Rose (1993) and Jensen et al. (1997). Rose uses capillary gel 
electrophoresis to determine binding of PNAs to their complementary 
oUgonucleotide, measuring the relative binding kinetics and stoichiometiy. Similar 
types of measurements were made by Jensen et al. using BIAcore™ technology. 

Other applications of PNAs include use m DNA strand invasion (Nielsen et 
al. 1991), antisense inhibition (Hanvey €/ a/.. 1992), mutational analysis (Oram e/ a/., 
1993). enhancers of tianscription (Mollegaard et al.. 1994), nucleic acid purification 
(Oram et al.. 1995), isolation of tianscriptionally active genes (Boffa et al. 1995), 
blocking of tianscription factor binding (Vickets et al.. 1995), genome cleavage 
(Veselkov et al.. 1996), biosensors (Wang et al.. 1996), in situ hybridization (ITusted 
et al.. 1996), and in a alternative to Soutiiem blotting (Peny-O'Keefe, 1996). 



wo 99/27140 



PCTAJS98/25294 



-21- 

4.6 Antibody Coiwpositions and Methods of Making 

In particular embodiments, the inventors contemplate the use of antibodies, 
either monoclonal or polyclonal which bind to one or more of the polypeptides 
disclosed herein. Means for preparing and characterizing antibodies are well known 
5 in the art (See, e.g., Harlow and Lane, 1988; incorporated herein by reference). The 
methods for generating monoclonal antibodies (mAbs) generally begin along the same 
lines as those for preparing polyclonal antibodies. Briefly, a polyclonal antibody is 
prepared by immimizing an animal with an immunogenic composition in accordance 
with the present invention and collecting antisera from that inununized animal. A 

10 wide range of animal species can be used for the production of antisera. Typically the 
animal used for production of anti-antisera is a rabbit, a mouse, a rat, a hamster, a 
guinea pig or a goat Because of the relatively large blood volume of rabbits, a rabbit 
is a preferred choice for production of polyclonal antibodies. 

As is well known in the art, a given composition may vary in its 

15 immimogenicity. It is often necessary therefore to boost the host inunune system, as 
may be achieved by coupling a peptide or polypeptide irrmnmogen to a carrier. 
Exemplary and preferred carriers are keyhole limpet hemocyanin (KLH) and bovine 
serum albumin (BSA), Other albumins such as ovalbumin, mouse serum albumin or 
rabbit serum albumin can also be used as carriers. Means for conjugating a 

20 polypeptide to a carrier protein are well known in the art and include glutaraldehyde, 
w-maleimidobencoyl-^-hydroxysuccmimide ester, carbodiimide and bis-biazotized 
benzidine. 

As is also well known in the art, the immunogenicity of a particular 
inununogen composition can be enhanced by the use of non-specific stimulators of the 
25 immune response, known as adjuvants. Exemplary and preferred adjuvants include 
complete Freund's adjuvant (a non-specific stimulator of tiie immune response 
containing killed Mycobacteriim tuberculosis), incomplete Freund*s adjuvants and 
aluminum hydroxide adjuvant 

The amount of immunogen composition used in the production of polyclonal 
30 antibodies varies upon the nature of the immunogen as well as the animal used for 
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mmiuni2ation. A variety of routes can be used to administer the immunogen 
(subcutaneous, intramuscular, intradermal, intravenous and intraperitoneal). The 
production of polyclonal antibodies may be monitored by sampling blood of the 
immunized animal at various points following immunizatioa A second, booster, 
injection may also be given. The process of boosting and tittering is repeated until a 
suitable titer is achieved. When a desired level of immunogenicity is obtained, the 
immunized animal can be bled and the serum isolated and stored, and/or the animal 
can be used to generate mAbs. 

mAbs may be readily prepared through use of well-known techniques, such as 
those exempUfied in U. S. Patent 4,196,265, incorporated herein by reference. 
Typically, this technique involves immuni2dng a suitable animal with a selected 
immunogen composition, e.g., a purified or partially purified polypeptide or peptide. 
The immunizing composition is administered in a manner effective to stimulate 
antibody producing cells. Rodents such as mice and rats are preferred animals, 
however, the use of rabbit, sheep, or &og ceUs is also possible. The use of rats may 
provide certain advantages (Coding, 1986, pp. 60-61), but mice are preferred, with the 
BALB/c mouse being most preferred as this is most routinely used and generally 
gives a higher percentage of stable fusions. 

Following immunization, somatic cells with the potential for producing 
antibodies, specifically B lymphocytes (B cells), are selected for use in the mAb 
generating protocol. These cells may be obtained fi-om biopsied spleens, tonsils or 
lymph nodes, or torn a peripheral blood sample. Spleen cells and peripheral blood 
cells are prcfened. the former because they are a rich source of antibody-producing 
ceUs that are in the dividing plasmablast stage, and the latter because peripheral blood 
is easily accessible. Often, a panel of animals will have been immunized and the 
spleen of animal with the highest antibody titer will be removed and the spleen 
lymphocytes obtained by homogenizing the spleen with a syringe. Typically, a spleen 
fix)m an immunized mouse contains approximately 5 x lO^o 2 x 10* lymphocytes. 

The antibody-producing B lymphocytes fiom the immunized animal are then 
fused with ceUs of an immortal myelonia cell, generaUy one of the same species as the 
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animal that was immunized. Myeloma cell lines suited for use in hybridoma- 
producing fusion procedures preferably are non-antibody-producing, have high fusion 
efficiency, and enzyme deficiencies that render them incapable of growing in certain 
selective media which support the growth of only the desired fused cells 
5 (hybridomas). 

Any one of a number of myeloma cells may be used, as are known to those of 
skill in the art (Coding, pp. 65-66, 1986; Campbell, pp. 75-83, 1984). For example, 
vAicrc the inununized animal is a mouse, one may use P3-X63/Ag8, X63-Ag8.653, 
NSl/l.Ag 4 1, Sp210-Agl4, FO, NSO/U, MPC-11, MPC11.X45-GTG 1.7 and 

10 S194/5XX0 Bui; for rats, one may use R210.RCY3, y3-Ag 1.2.3, IR983F and 4B210; 
and U-266, GM1500-GRG2, LICR-L0N-HMy2 and UC729-6 are all useful in 
connection with human cell fusions. 

One preferred murine myeloma cell is the NS-1 myeloma cell line (also 
termed P3-NS-l-Ag4-l), which is readily available from the NIGMS Human Genetic 

15 Mutant Cell Repository by requesting cell line repository number GM3 573, Another 
mouse myeloma cell line that may be used is the 8-azaguanine-resistant motise murine 
myeloma SP2/0 non-producer cell line. 

Methods for generating hybrids of antibody-producing spleen or lymph node 
cells and myeloma cells usually comprise mixing somatic cells with myeloma cells in 

20 a 2:1 ratio, though the ratio may vary from about 20:1 to about 1:1, respectively, in 
the presence of ah agent or agents (chemical or electrical) that promote the fusion of 
cell membranes. Fusion methods using Sendai virus have been described (Kohler and 
Milstein, 1975; 1976), and those using polyethylene glycol (PEG), such as 37% 
(volAol.) PEG, (Gefter et al^ 1977), The use of electrically induced fusion methods 

25 is also appropriate (Goding, 1986, pp. 71-74). 

Fusion procedures usually produce viable hybrids at low frequencies, about 
1 X 10 to 1 X 10 . However, this does not pose a problem, as the viable, fused 
hybrids are differentiated from the parental, unfused cells (particularly the unfused 
myeloma cells that would normally continue to divide indefinitely) by culturing in a 

30 selective medium. The selective medium is generally one that contains an agent that 
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blocks the de novo synthesis of nucleotides in the tissue culture media. Exemplary 
and preferred agents are aminopterin, methotrexate, and azaserine. Aminopterin and 
methotrexate block de. novo synthesis of both purines and pyrimidines, whereas 
azaserine blocks only purine synthesis. Where aminopterin or methotrexate is used, 
the media is supplemented with hypoxanthine and thymidine as a source of 
nucleotides (HAT medium). Where azaserine is used, the media is supplemented with 
hypoxanthine. 

The preferred selection medium is HAT. Only cells capable of operating 
nucleotide salvage pathways are able to survive in HAT medium. The myeloma cells 
are defective in key enzymes of the salvage pathway, e.g., hypoxanthine 
phosphoribosyl transferase (HPRT), and they cannot survive. The B-cells can oper^ 
this pathway, but they have a lunited life span in culture and generally die within 
about two weeks. Therefore, the only cells that can survive in the selective media are 
those hybrids formed from myeloma and B-cells. 
15 This culturing provides a population of hybridomas fiom which specific 

hybridomas are selected. Typically, selection of hybridomas is performed by 
culturing the ceUs by single-clone dilution in microtiter plates, followed by testing the 
individual clonal supematants (after about two to three weeks) for the desired 
reactivity. The assay should be sensitive, simple and rapid, such as 
20 radioimmunoassays, enzyme immunoassays, cytotoxicity assays, plaque assays, dot 
immunobinding assays, and the like. 

The selected hybridomas would then be serially diluted and cloned into 
individual antibody-producing cell lines, which clones can then be propagated 
indefinitely to provide mAbs. The cell lines may be exploited for mAb production in 
25 two basic ways. A sample of the hybridoma can be injected (often into the peritoneal 
cavity) into a histocompatible animal of the type that was used to provide the somatic 
and myeloma cells for the original fiision. The injected ammal develops tumors 
secreting the specific monoclonal antibody produced by the fiised ceU hybrid. The 
body fluids of the ammal, such as serum or ascites fluid, can then be tapped to provide 
mAbs in high concentration. The individual cell Imes could also be cultured in vitro. 
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udiere the mAbs are naturally secreted into the culture medium from which they can 
be readily obtained in high concentrations. mAbs produced by either means may be 
further purified, if desired, using filtmtion, centrifiigation and various 
chromatographic methods such as HPLC or affinity chromatography, 

5 

4.7 EUSAS 

The techniques of ELISAs may be used in conjimction with the invention, 
when the product of interest to be detected is a polypeptide, and the substrate on the 
chip is an antibody. Alternatively, ELISA techniques may be utilized when the 

10 substrate on the chip is a polypeptide and the product of mterest to be detected is an 
antibody. In either embodiment, the antibody or the polypeptide may be fluorescently 
labeled for detection by the biochip. 

In an ELISA assay, proteins or peptides incorporating antigenic sequences are 
inmiobilized onto a selected surface, preferably a surface exhibiting a protein affinity 

15 such as the wells of a polystyrene microtiter plate. After washing to remove 
incompletely adsorbed material, it is desirable to bind or coat the assay plate wells 
with a nonspecific protein that is known to be antigenically neutral with regard to the 
test antisera such as bovine serum albumin (BSA), casein or solutions of milk powder. 
This allows for blocking of nonspecific adsorption sites on the immobilizing surface 

20 and thus reduces the background caused by nonspecific binding of antisera onto the 
surface. 

After binding of antigenic material to the well, coating with a non-reactive 
material to reduce background, and washing to remove unbound material, the 
immobilizing surface is contacted witfi the antisera or clinical or biological extract to 

25 be tested in a manner conducive to immime complex (antigen/antibody) formation. 
Such conditions preferably include diluting the antisera with diluents such as BSA, 
bovine gamma globulin (BGG) and phosphate buffered saline (PBS)/Tween®. These 
added agents also tend to assist in the reduction of nonspecific background. The 
layered antisera is then allowed to incubate for fiom about 2 to about 4 hr, at 

30 temperatures preferably on the order of about 25''C to about 27°C. Following 
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incubation, the antisera-contacted surface is washed so as to remove non- 

immunocomplexed material. A prefened washing procedure includes washing with a 

solution such as PBS/Tween®, or borate buffer. 

Following fonnation of specific immunocomplexes between the test sample 

and the bound antigen, and subsequent washing, the occurrence and even amount of 
immunocomplex fonnation may be determined by subjecting same to a second 
antibody having specificity for the first. To provide a detecting means, the second 
antibody will preferably have an associated enzyme that wUl generate a color 
development upon incubating with an appropriate chromogenic substrate. Thus, for 
example, one will desire to contact and incubate the antisera-bound surface with a 
urease or peioxidase-conjugated anti-human IgG for a period of time and under 
conditions which favor the development of immmiocomplex formation (e.g., 
incubation for 2 hr at room temperature in a PBS-containing solution such as PBS 



15 



20 



After incubation with the second enzyme-tagged antibody, and subsequent to 
washing to remove unbound material, the amount of label is quantified by incubation 
with a chromogenic substrate such as urea and bromociesol purple or 2,2'-azino-di-(3- 
ethyI.benzthiazoline>6-sulfonic acid (ABTS) and H^, in the case of peroxidase as 
the enzyme label. Quantitation is then achieved by measuring the degree of color 
generation, e.g., using a visible spectra spectrophotometer. 
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4.8 Methods for Preparing Mutagenized Polynucleotides 

In certain circumstances, it may be desirable to modify or alter one or more 
nucleotides in one or more of the polynucleotide sequences disclosed herein for the 
purpose of altering or changing the insecticidal activity or insecticidal specificity of 
the encoded polypeptide. In general, the means and methods for mutagenizing a DNA 
segment are well-known to those of skiU in the art. Modifications to such segments 
may be made by random, or site-specific mutagenesis procedures. The 
polynucleotides may be modified by the addition, deletion , or substitution of one or 
more nucleotides from the sequence encoding the insecticidally-active polypeptide. 
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Mutagenesis may be performed in accordance vnth any of the techniques 
known in the art such as and not limited to synthesizing an oligonucleotide having one 
or more mutations within the sequence of a particular region. In particular, site- 
specific mutagenesis is a technique useful in the preparation of mutants, through 
5 specific mutagenesis of the underlying DNA. The technique further provides a ready 
ability to prepare and test sequence variants, for example, incorporating one or more 
of the foregoing considerations, by introducing one or more nucleotide sequence 
changes into the DNA. Site-specific mutagenesis allows the production of mutants 
through the use of specific oUgonucleotide sequences vMch encode the DNA 

10 sequence of the desired mutation, as well as a sufficient number of adjacent 
nucleotides, to p^o^dde a primer sequence of sufficient size and sequence complexity 
to form a stable duplex on both sides of the deletion junction being traversed. 
Typically, a primer of about 17 to about 75 nucleotides or more in length is preferred, 
with about 10 to about 25 or more residues on both sides of the junction of the 

1 5 sequence being altered. 

In general, the technique of site-specific mutagenesis is well known in the art, 
as exemplified by various publications. As will be appreciated, the technique 
typically employs a phage vector which exists in both a single stranded and double 
stranded form. Typical vectors useful in site-directed mutagenesis include vectors 

20 such as the Ml 3 phage. These phage are readily commercially available and their use 
is generally well known to those skilled in the art. Double stranded plasmids are also 
routinely employed in site directed mutagenesis vMch eliminates the step of 
transferring the gene of interest fiom a plasmid to a phage. 

In general, site-directed mutagenesis in accordance herewith is performed by 

25 first obtaining a single-stranded vector or melting apart of two strands of a double 
stranded vector which includes within its sequence a DNA sequence which encodes 
the desired promoter region or peptide. An oUgonucleotide primer bearing the desired 
mutated sequence is prepared, generally synthetically. This primer is then annealed 
with the single-stranded vector, and subjected to DNA polymerizing enzymes such as 

30 E, coli polymerase I IGenow fi^igment, in order to complete the synthesis of the 
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mutation-bearing strand Thus, a heteroduplex is formed wherein one strand encodes 
the original non-mutated sequence and the second strand bears the desired mutation. 
This heteroduplex vector is then used to transform or transfect appropriate cells, such 
as K coli cells, and clones are selected which include recombinant vectors bearing the 
5 mutated sequence arrangement A genetic selection scheme was devised by Kunkel et 
al. (1987) to enrich for clones incorporating the mutagenic oligonucleotide. 
Alternatively, the use of PGR™ with commercially available thermostable enzymes 
such as Taq polymerase may be used to incorporate a mutagenic oligonucleotide 
primer into an amplified DNA fiagment that can then be cloned into an appropriate 
10 cloning or expression vector. The PCR™-mediated mutagenesis procedures of Tomic 
et al. (1990) and Upender et al, (1995) provide two examples of such protocols. A 
PCR™employmg a thermostable Ugase in addition to a thermostable polymerase may 
also be used to incorporate a phosphorylated mutagenic oligonucleotide mto an 
ampUfied DNA fragment that may then be cloned into an appropriate clomng or 
15 expression vector. The mutagenesis procedure described by Michael (1 994) provides 
an example of one such protocol. 

As used herein, the term "oUgonucleotide directed mutagenesis procedure" 
refers to template-dependent processes and vector-mediated propagation which result 
in an increase in the concentration of a specific nucleic acid molecule relative to its 
20 initial concentration, or in an increase in the concentration of a detectable signal, such 
as amplification. As used herein, the term "oUgonucleotide directed mutagenesis 
procedure" also is intended to refer to a process that involves the template-dependent 
extension of a primer molecule. The term template-dependent process refers to 
nucleic acid synthesis of an RNA or a DNA molecule wherein the sequence of the 
25 newly synthesized strand of nucleic acid is dictated by the weU-known rules of 
complementary base pairing (Watson, 1987). Typically, vector mediated 
methodologies involve the introduction of the nucleic acid fragment into a DNA or 
RNA vector, the clonal amplification of the vector, and the recovery of the amplified 
nucleic acid fiagment. Examples of such methodologies are provided by U. S. Patent 
30 No. 4,237,224, specifically incorporated herein by reference in its entirety. 
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A number of template dependent processes are available to amplify the target 
sequences of interest present in a sample. One of the best known amplification 
methods is the polymerase chain reaction (PGR™) which is described in detail in U. 
S. Patent Nos. 4,683,195, 4,683,202 and 4,800,159, each of which is incorporated 
5 herein by reference in its entirety. Briefly, in PGR™, two primer sequences are 
prepared which are complementary to regions on opposite complementary strands of 
the target sequence. An excess of deoxynucleoside triphosphates are added to a 
reaction mixture along with a DNA polymerase (e.g.. Tag polymerase). If the target 
sequence is present in a sample, the primers will bind to the target and the polymerase 

10 will cause the primers to be extended along the target sequence by adding on 
nucleotides. By raising and lowering the temperature of the reaction mixture, the 
extended primers will dissociate firom the target to form reaction products, excess 
primers will bind to the target and to the reaction products and the process is repeated. 
Preferably a reverse transcriptase PGR™ amplification procedure may be performed 

15 in order to quantify the amount of mRNA amplified. Polymerase chain reaction 
methodologies are well known in the art 

Another method for amplification is the ligase chain reaction (referred to as 
LGR), disclosed in Eur. Pat AppL Publ. No. 320,308, incorporated herein by 
reference in its entirety. In LGR, two complementary probe pairs are prepared, and in 

20 the presence of the target sequence, each pair will bind to opposite complementary 
strands of the target such that they abut In the presence of a ligase, the two probe 
pairs will link to form a smgle unit By temperature cycling, as in PGR™, bound 
ligated units dissociate finom the target and then serve as "target sequences" for 
ligation of excess probe pairs. U. S. Patent No, 4,883,750, incorporated herein by 

25 reference in its entirety, describes an altemative method of amplification similar to 
LGR for binding probe pairs to a target sequence. 

Qbeta Replicase, described in Intl. Pat Appl. Publ, No. PGT/US87/00880, 
incorporated herein by reference in its entirety, may also be used as still another 
amplification method in the present invention. In this method, a replicative sequence 

30 of RN A which has a region complementary to that of a target is added to a sample in 
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the presence of an RNA polymerase. The polymerase wUl copy the replicative 
sequence which can then be detected. 

An isothermal amplification method, in which restriction endonucleases and 
ligases are used to achieve the amplification of target molecules that contain 
nucleotide 5'-[a-thio]triphosphates in one stiand of a restriction site (Walker et ai. 
1992, incorporated herein by reference in its entirety), may also be useful in the 
amplification of nucleic acids in the present invention- 
Strand Displacement Amplification (SDA) is another method of carrying out 
isothermal amplification of nucleic acids which involves multiple rounds of strand 
displacement and synthesis, i.e. nick translation. A sunilar method, called Repair 
Chain Reaction (RCR) is another method of amplification which may be usefiil in the 
present invention and is involves annealing several probes throughout a region 
targeted for amplification, followed by a repair reaction in which only two of the four 
bases are present The other two bases can be added as biotinylated derivatives for 
15 easy detection. A similar approach is used in SDA. 

Still other amplification methods described in Great Britain Pat. Appl. No. 2 
202 328, and in Intl. Pat. Appl. Publ. No. PCT/US89/01025, each of which is 
incorporated herein by reference in its entirety, may be used in accordance with the 
present invention. In the former appUcation. "modified" primers are used in a PGR™ 
like, template and enzyme dependent synthesis. The primers may be modified by 
labeling with a c^ture moiety {e.g., biotin) and/or a detector moiety (e.g.. enzyme). 
In the latter application, an excess of labeled probes are added to a sample. In the 
presence of Ae target sequence, the probe binds and is cleaved catalytically. After 
cleavage, the target sequence is released intact to be bound by excess probe. Cleavage 
25 of the labeled probe signals the presence of the target sequence. 

Other nucleic acid amplification procedures include transcription-based 
amplification systems (TAS) (Kwoh et al. 1989; Intl. PaL Appl. Publ. No. WO 
88/10315, incorporated herein by reference in its entirety), including nucleic acid 
sequence based amplification (NASBA) and 3SR. In NASBA, the nucleic acids can 
be prepared for amplification by standard phenol/chloroform extraction, heat 
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denaturation of a sample, treatment with lysis buffer and minispin columns for 
isolation of DNA and RNA or guanidinium chloride extraction of RNA. These 
amplification techniques involve annealing a primer wWch has target-specific 
sequences. Following polymerization, DNA/RNA hybrids are digested with RNase H 
5 while double stranded DNA molecules are heat denatured again. In either case the 
single stranded DNA is made fully double stranded by addition of second target 
polypeptide-specific primer, followed by polymerization. The double stranded DNA 
molecules are then mxiltiply transcribed by a polymerase such as T7 or SP6. In an 
isothermal cyclic reaction, the RNAs are reverse transcribed into double stranded 

10 DNA, and transcribed once against with a polymerase such as T7 or SP6. The 
resulting products, whether truncated or complete, indicate target-specific sequences. 

Eur. Pat. AppL Publ. No. 329,822, incorporated herein by reference in its 
entirety, disclose a nucleic acid amplification process involving cyclically 
synthesizing single-stranded RNA ("ssRNA"), ssDNA, and double-stranded DNA 

15 (dsDNA), which may be used in accordance with the present invention. The ssRNA 
is a first template for a first primer oligonucleotide, which is elongated by reverse 
transcriptase (RNA-dependent DNA polymerase). The RNA is then removed from 
resulting DNA:RNA duplex by the action of ribonuclease H (RNase H, an RNase 
specific for RNA in a duplex with either DNA or RNA). The resultant ssDNA is a 

20 secoiKi template for a second primer, vAdch also includes the sequences of an RNA 
polymerase promoter (exemplified by T7 RNA polymerase) 5' to its homology to its 
template. This primer is then extended by DNA polymerase (exemplified by the large 
"Klenow" fragment of E. coli DNA polymerase I), resulting as a double-stranded 
DNA ("dsDNA") molecule, having a sequence identical to that of the original RNA 

25 between the primers and having additionally, at one end, a promoter sequence. This 
promoter sequence can be used by the appropriate RNA polymerase to make many 
RNA copies of the DNA. These copies can then re-enter the cycle leading to very 
swifl amplification. With proper choice of enzymes, this amplification can be done 
isothermally without addition of enzymes at each cycle. Because of the cyclical 
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nature of this process, the starting sequence can be chosen to be in the foim of either 
DNA or RNA. 

PCT Intl. Pat Appl. Publ. No. WO 89/06700, incorporated herein by reference 
in its entirety, disclose a nucleic acid sequence amplification scheme based on the 
5 hybridization of a promoter/primer sequence to a target single-stranded DNA 
("ssDNA") followed by transcription of many RNA copies of the sequence. This 
scheme is not cyclic; Le. new templates are not produced from the resultant RNA 
transcripts. Other amplification methods include "RACE" (Frohman, 1990), and 
"one-sided PGR™" (Ohara, etal. 1989) which are well-known to those of skill in the 
10 art. 

Methods based on ligation of two (or more) oligonucleotides in the presence of 
nucleic acid having the sequence of the resulting "di-oligonucleotide". thereby 
amplifying the di-oHgonucleotide (Wu and Dean, 1996, incorporated herein by 
reference in its entirety), may also be used in the amplification of polynucleotide 
1 5 sequences of the present invaition. 



20 



4.9 RiBOZYMES 

Ribozymes are enzymatic RNA molecules which cleave particular mRNA 
species. In certain embodiments, the inventors contemplate the selection and 
utilization of ribozymes capable of cleaving RNA segments, and the resulting 
detection of such mRNAs or ribozymes utilizing the methods and biochips of the 
present inventioiL 

Six basic varieties of naturally-occurring enzymatic RNAs are known 
presentiy. Each can catalyze the hydrolysis of RNA phosphodiester bonds in trans 
25 (and thus can cleave other RNA molecules) under physiological conditions. In 
general, enzymatic nucleic acids act by first binding to a taiBet RNA. Such binding 
occurs through the target binding portion of a enzymatic nucleic acid vAdch is held in 
close proximity to an enzymatic portion of the molecule that acts to cleave the target 
RNA. Thus, the enzymatic nucleic acid fust recognizes and then binds a target RNA 
through complementary base-pairing, and once bound to the correct site, acts 
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enzymatically to cut the target RNA. Strategic cleavage of such a target RNA will 
destroy its ability to direct synthesis of an encoded protein. After an enzymatic 
nucleic acid has bound and cleaved its RNA target, it is released fiom that RNA to 
search for another target and can repeatedly bind and cleave new targets. 
5 The enzymatic nature of a ribozyme is advantageous over many technologies, 

such as antisense technology (where a nucleic acid molecule simply binds to a nucleic 
acid target to block its translation) since the concentration of ribozyme necessary to 
affect a therapeutic treatment is lower than that of an antisense oligonucleotide. Hiis 
advantage reflects the ability of the ribozyme to act enzymatically. Thus, a single 

10 ribozyme molecule is able to cleave many molecules of target RNA. In addition, the 
ribozyme is a highly specific inhibitor, with the specificity of inhibition depending not 
only on the base pairing mechanism of binding to the target RNA, but also on the 
mechanism of target RNA cleavage. Single mismatches, or base-substitutions, near 
the site of cleavage can completely eliminate catalytic activity of a ribozyme. Similar 

15 mismatches in antisense molecules do not prevent their action (Woolf et al, 1992). 
Thus, the specificity of action of a ribozyme is greater than that of an antisense 
oligonucleotide binding the same RNA site. 

The enzymatic nucleic acid molecule may be formed in a hammerhead, 
hmrpin, a hepatitis 8 virus, group I intron or RNaseP RNA (in association with an 

20 RNA guide sequence) or Neurospora VS RNA motif. Examples of hammerhead 
motifs are described by Rossi et al. (1992); examples of hairpin motifs arc described 
by Hampel etaL (Eur. PaL EP 0360257), Hampel and Tritz (1989), Hampel etaL 
(1990) and Cech et al. (U, S. Patent 5,631,359; an example of the hepatitis 5 virus 
motif is described by Perrotta and Been (1992); an example of the RNaseP motif is 

25 described by Guerrier-Takada ei al. (1983); Neurospora VS RNA ribozyme motif is 
described by Collins (Saville and Collins, 1990; Saville and Collins, 1991; Collins 
and Olive, 1993); and an example of the Group I intron is described by Cech etaL 
(U.S. Patent 4,987,071), All that is important in an enzymatic nucleic acid molecule 
of this invention is that it has a specific substrate binding site which is complementary 

30 to one or more of the target gene RNA regions, and that it have nucleotide sequences 
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within or surrounding that substrate binding site which impart an RNA cleaving 
activity to the molecule. Thus the ribozyme constructs need not be limited to specific 
motifs mentioned herein. 

The invention provides a method for producing a class of enzymatic cleaving 
agents which exhibit a high degree of specificity for the RNA of a desired target. The 
enzymatic nucleic acid molecule is preferably targeted to a highly conserved sequence 
region of a target mRNA such that specific treatment of a disease or condition can be 
provided with either one or several enzymatic nucleic acids. Such enzymatic nucleic 
acid molecules can be delivered exogenously to specific cells as required. 
Alternatively, the ribozymes can be expressed fh>m DNA or RNA vectors that arc 
delivered to specific cells. 

Small enzymatic nucleic acid motife (e.g., of the hammerhead or the hairpin 
structure) may be used for exogenous delivery. The simple structure of these 
molecules increases the ability of the enzymatic nucleic acid to invade targeted 
regions of the mRNA stnicttire. Alternatively, catalytic RNA molecules can be 
expressed within cells fiom eukaiyotic promoters {e.g., Scanlon et al., 1991; Kashani- 
Sabet etal., 1992; Dropulic etal., 1992; Weerasinghe eiai, 1991; Ojwang etal., 
1992; Chen et al, 1992; Sarver et al., 1990). Those skilled in the art realize that any 
ribozyme can be expressed in eukaiyotic cells fiom the appropriate DNA vector. The 
activity of such ribozymes can be augmented by their release fix)m the primary 
transcript by a second ribozyme (Int Pat Appl. Publ. No. WO 93/23569), and (InL 
Pat. Appl. Publ. No. WO 94/02595). both hereby incorpoi^ in their totality by 
reference herein; Ohkawae/ a/.. 1992;Tairae/fl/.. 1991; Ventura a/., 1993). 

Ribozymes may be added direcUy, or can be complexed with cationic lipids, 
lipid complexes, packaged within liposomes, or otherwise delivered to target cells. 
The RNA or RNA complexes can be locally administered to relevant tissues ex vivo, 
or in vivo through injection, aerosol inhalation, infiision pump or stent, with or 
without their incorporation in biopoiymers. 

Ribozymes may be designed as described in (Int Pat Appl. Publ. No. WO 
93/23569), or (Int Pat Appl. Publ. No. WO 94/02595) and synthesized to be tested in 
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vitro and in vivo, as described. Such ribozymes can also be optimized for delivery. 
While specific examples are provided, those in the art will recognize that equivalent 
RNA targets in other species can be utilized when necessary. 

Hammerhead or hairpin ribozymes may be individually analyzed by computer 
5 folding (Jaeger etai, 1989) to assess whether the ribozyme sequences fold into the 
appropriate secondary structure. Those ribozymes with unfavorable intramolecular 
interactions between the binding arms and the catalytic core are eliminated from 
consideration. Varying binding arm lengths can be chosen to optimize activity. 
Generally, at least 5 bases on each arm are able to bind to, or otherwise interact with, 

10 the target RNA, 

Ribozymes of the hanmierhead or hairpin motif may be designed to anneal to 
various sites in the mRNA message, and can be chemically synthesized. The method 
of synthesis used follows the procedure for normal RNA synthesis as described in 
Usman and Cedergren (1992) and in Scaringe et al (1990) and makes use of common 

15 nucleic acid protecting and coupling groups, such as dimethoxytrityl at the 5'-end, and 
phosphoramidites at the 3'-end. Average stepwise coupling yields are typically >98%. 
Hairpin ribozymes may be synthesized in two parts and armealed to reconstruct an 
active ribozyme (Chowrira and Burke, 1992). Ribozymes may be modified 
extensively to enhance stability by modification with nuclease resistant groups, for 

20 example, 2'-amino, 2'-C-allyI, 2'-flouro, 2'-o-methyl, 2'-H (for a review see Usman 
and Cedergren, 1992). Ribozymes may be purified by gel elecfrophoresis using 
general methods or by high pressure liquid chromatography and resuspended in water. 

Ribozyme activity can be optimized by altering the length of the ribozyme 
binding arms, or chemically synthesizing ribozymes with modifications that prevent 

25 their degradation by serum ribonucleases {see e.g., InL PaL Appl. PubL No. WO 
92/07065; Perreault et al, 1990; Pieken et al., 1991; Usman and Cedergren, 1992; Int 
Pat Appl. PubL No. WO 93/15187; Int. Pat AppL PubL No. WO 91/03162; Eur. Pat 
Appl. PubL No. 921 10298.4; U.S. Patent 5,334,71 1; and Int Pat Appl. PubL No. WO 
94/13688, which describe various chemical modifications that can be made to the 

30 sugar moieties of enzymatic RNA molecules), modifications which enhance their 
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efficacy in cells, and removal of stem II bases to shorten RNA synthesis times and 

reduce chemical requirements. 

Int. Pat. Appl. Publ. No. WO 94/02595 describes the general methods for 

delivery of enzymatic RNA molecules. Ribozymes may be administered to cells by a 
variety of methods known to those familiar to the art, including, but not restricted to, 
encapsulation in liposomes, by iontophoresis, or by incorporation into other vehicles, 
such as hydrogels, cyclodextrins, biodegradable nanocapsules, and bioadhesive 
microspheres. For some indications, ribozymes may be directly delivered ex vivo to 
cells or tissues with or without the aforementioned vehicles. Alternatively, the 
RNA/vehicle combination may be locally deUvered by direct inhalation, by direct 
injection or by use of a catheter, infusion pump or stent. OAer routes of delivery 
include, but arc not limited to, intravascular, intramuscular, subcutaneous or joint 
injection, aerosol inhalation, oral (tablet or pill form), topical, systemic, ocular, 
intraperitoneal and/or intrathecal delivery. More detaUed descriptions of ribozyme 
delivery and administration are provided in ant. Pat. Appl. Publ. No. WO 94/02595) 
and (Int. Pat Appl. Publ. No. WO 93/23569) which have been incorporated by 
reference herein. 

Another means of accumulating high concentrations of a ribozyme(s) within 
cells is to incorporate the ribozyme-encoding sequences into a DNA expression 
vector. Transcription of the ribozyme sequences are driven fiom a promoter for 
eukaryotic RNA polymerase I (pol I), RNA polymerase II (pol H), or RNA 
polymerase III (pol III). Transcripts fiom pol II or pol III promoters will be expressed 
at high levels in all cells; the levels of a given pol II promoter in a given cell type will 
depend on the nature of the gene regulatory sequences (enhancers, silencers, etc.) 
present nearby. Prokaiyotic RNA polymerase promoters may also be used, providing 
that the prokaryotic RNA polymerase enzyme is expressed in the appropriate cells 
(Elroy-Stein and Moss, 1990; Gao and Huang, 1993; Lieber etal., 1993; Zhou etal, 
1990). Ribozymes expressed &om such promoters can function in mammalian cells 
ie.g. Kashani-Saber etal., 1992; Ojwang etal., 1992; Chen etal., 1992; Yu etal., 
1993;L'Huilliere/a/., 1992;Lisziewicze/a/., 1993). Such transcription units can be 
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incorporated into a variety of vectors for introduction into mammalian cells, including 
but not restricted to, plasmid DNA vectors, viral DNA vectors (such as adenovirus or 
adeno-associated vectors), or viral RNA vectors (such as retroviral, semliki forest 
virus, sindbis virus vectors). 
5 Ribozymes of this invention may be used as diagnostic tools to examine 

genetic drift and mutations within cell lines or cell types. They can also be used to 
assess levels of the target RNA molecule. The close relationship between ribozyme 
activity and the structure of the target RNA allows the detection of mutations in any 
region of the molecule which alters the base-pairing and three-dimensional structure 

10 of the target RNA. By using multiple ribozymes described in this invention, one may 
map nucleotide changes which are important to RNA structure and function in vitro, 
as well as in cells and tissues. Cleavage of target RNAs with ribozymes may be used 
to inhibit gene expression and define the role (essentially) of specified gene products 
in particular cells or cell types. 

15 A further method for identifying polynucleotides is through the use of 

oligonucleotide probes. These probes are nucleotide sequences having a detectable 
label. As is well known in the art, if the probe molecule and nucleic acid sample 
hybridize by forming a strong bond between the two molecules, it can be reasonably 
assimied that the probe and sample are essentially identical. The probe's detectable 

20 label provides a means for determining in a known maimer whether hybridization has 
occurred. Such a probe analysis provides a rapid method for identifying related, 
homologous, or substantially homologous polynucleotides. 

The nucleotide segments which are used as probes according to the invention 
can be synthesized by use of DNA synthesizers using standard procedures. In the use 

25 of the nucleotide segments as probes, the particular probe is labeled with any suitable 
label known to those skilled in the art, including radioactive and non-radioactive 
labels. Typical radioactive labels include ^^P, *^^I, ^^S, or the like. A probe labeled 
with a radioactive isotope can be constructed from a nucleotide sequence 
complementary to the DNA sample by a conventional nick translation reaction, using 

30 a DNase and DNA polymerase. TTie probe and sample can then be combined in a 
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hybridization buflfer solution and held at an appropriate temperature until annealing 
occurs. Thereafter, the membrane is washed free of extraneous materials, leaving the 
sample and bound probe molecules typicaUy detected and quantified by 
autoradiography and/or liquid scintillation counting. 
5 Non-radioactive labels include, for example, ligands such as biotin or 

thyroxin, as well as enzymes such as hydrolases or peroxidases, or the various 
chemiluminescers such as luciferin, or fluorescent compounds like fluorescein and its 
derivatives. The probe may also be labeled at both ends with different types of labels 
for ease of separation, as, for example, by usmg an isotopic label at the end mentioned 
1 0 above and a biotin label at the other end. 

Duplex fonnation and stability depend on substantial complementarity 
between the two strands of a hybrid, and, as noted above, a certain degree of 
mismatch can be tolerated. Therefore, the probes of the subject invention include 
mutations (both single and multiple), deletions, insertions of the described sequences, 
and combinations thereof, wherein said mutations, insertions and deletions permit 
formation of stable hybrids with the target polynucleotide of interest. Mutations, 
insertions, and deletions can be produced in a given polynucleotide sequence in many 
ways, by methods currently known to an ordmarily skilled artisan, and perhaps by 
other methods which may become known in the future. 

The potential variations in the probes Usted is due, in part, to the redundancy 
of the genetic code. Because of the redmidancy of the genetic code, /.e., more than 
one coding nucleotide triplet (codon) can be used for most of the amino acids used to 
make proteins. Therefore different nucleotide sequences can code for a particular 
amino acid. Thus, amino acid sequences can be prepared by equivalent nucleotide 
sequences encoding the same amino acid sequence of the prx)tein or peptide. Also, 
inverse or complement sequences are an aspect of the subject invention and can be 
readily used by a person skilled in this art. In addition it has been shown that proteins 
of identified structure and fimction may be constructed by changing the amino acid 
sequence if such changes do not alter the prx>tein secondary stmcture (Kaiser and 
Kezdy, 1984). Thus, the subject invention includes mutants of the amino acid 
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sequence depicted herein which do not alter the protein secondary structure, or if the 
structure is altered, the biological activity is substantially retained. 

4,10 Immobilization Techniques 
5 The DNA probes may be directly or indirectly immobilized onto a transducer 

detection surface to ensure optimal contact and maximum detection. When 
immobilized onto a substrate, the probes are stabilized and therefore may be used 
repetedly. In general terms, hybridization is performed on an immobilized nucleic 
acid target or a probe molecxde is attached to a solid smface such as nitrocellulose, 

10 nylon membrane or glass. Nxunerous other matrix materials may be used, including 
reinforced nitrocellulose membrane, activated quartz, activated glass, polyvinylidene 
difluoride (PVDF) membrane, polystyrene substrates, polyacrylamide-based substrate, 
other polymers such as poly(vinyl chloride), poly(methyl methacrylate), 
poly(dimethyl siloxane), photopolymers (which contain photoreactive species such as 

15 nitrenes, carbenes and ketyl radicals capable of forming covalent links with target 
molecules (Saiki et al, 1994). 

Binding of the bioprobe to a selected support may be accomplished by any of 
several means. For example, DNA is commonly bound to glass by fu^t silanizing the 
glass surface, then activating with carbodimide or glutaraldehyde. Alternative 

20 procedures may use reagents such as 3-glycidoxypropyltrimethoxysilane (GOP) or 
aminopropyltrimethoxysilane (APTS) with DNA linked via amino linkers 
incorporated either at the 3' or 5' end of the molecule during DNA synthesis. DNA 
may be bound directly to membranes using ultraviolet radiation. With nitrocellous 
membranes, the DNA probes are spotted onto the membranes, A UV light source 

25 (Stratalinker, from Stratagene, La JoUa, Ca,) is used to irradiate DNA spots and 
induce cross-linking. An alternative method for cross-linking involves baking the 
spotted membranes at 80°C for two hours in vacuum. 

Specific bioprobes may first be immobilized onto a membrane and then 
attached to a membrane in contact vdfli a transducer detection surface. This method 

30 avoids binding the bioprobe onto the transducer and may be desirable for large-scale 
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production. Membranes particularly suitable for this application include 
nitrocellulose membrane (e.g.. from BioRad, Hercules. CA) or polyvinylidene 
difluoride (PVDF) (BioRad, Hercules, CA) or nylon membrane (Zeta-Probe, BioRad) 
or polystyrene base substrates (DNA.BIND™ Costar, Cambridge, MA). 

4.1 1 Polynucleotide Hybridization Probes and Primers 

In addition to their use in directing homologous or substantially homologous 
nucleic acid sequences, the polynucleotides described herein also have a variety of 
other uses. For example, they have utility as probes or primers in nucleic acid 
hybridization embodiments. The invention provides a method for detecting a nucleic 
acid sequence encoding a particular polypeptide. The method generally involves 
obtaming sample nucleic acids suspected of encoding a polypeptide of interest; 
contacting the sample nucleic acids with an isolated nucleic acid segment 
substantially complementary to the sample nucleic acids, under conditions effective to 
allow hybridization of substantially complementary nucleic acids; and detecting the 
hybridized complementary nucleic acids thus formed. 

Nucleic acid molecules havirig sequence regions consisting of contiguous 
nucleotide stretches of about 23 to about 50, or even up to and including sequences of 
about 100-200 nucleotides or so. identical or complementary to tiie target DNA 
sequence, are particularly contemplated as hybridization probes for use in. e.g., 
Southem blotting. Intermediate-sized fragments will also generally find use in 
hybridization embodiments, wherein tiie length of the contiguous complementary 
region may be varied, such as between about 25-30, or between about 30 and about 40 
or so nucleotides, but larger contiguous complementarity stretches may be used, such 
25 as those from about 200 to about 300, or from about 300 to about 400 or 500 or so 
nucleotides in length, according to the length complementary sequences one wishes to 
detect. It is even possible that longer contigous sequence regions may be utiUzed 
includmg tiiose sequences comprising at least about 600, 700, 800. 900, 1000, 1100. 
1200, 1300, 1400, 1500, or more contiguous nucleotides. 
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Of course, fragments may also be obtained by other techniques such as, e.g., 
by mechanical shearing or by restriction enzyme digestion. Small nucleic acid 
segments or fragments may be readily prepared by, for example, directly synthesizing 
the fragment by chemical means, as is commonly practiced using an automated 
5 oligonucleotide synthesizer. Also, fragments may be obtained by application of 
nucleic acid reproduction technology, such as the PGR™ technology of U. S. Patents 
4,683,195 and 4,683,202 (each incorporated herein by reference), by introducing 
selected sequences into recombinant vectors for recombinant production, and by other 
recombinant DNA techniques generally known to those of skill in the art of molecular 
10 biology. 

Accordingly, the nucleotide sequences of the invention may be used for their 
ability to selectively form duplex molecules with complementary stretches of DNA 
fragments. Depending on the application envisioned, one will desire to employ 
varying conditions of hybridization to achieve varying degrees of selectivity of probe 

1 5 towards target sequence. For applications requiring high selectivity, one will typically 
desire to employ relatively stringent conditions to form the hybrids. "High 
stringency" hybridization conditions, e.g., typically eirq)loy relatively low salt and/or 
high temperature conditions, such as provided by about 0.02 M to about 0.15 M NaCl 
at temperatures of about 50°C to about 70°C. Such selective conditions tolerate little, 

20 if any, mismatch between the probe and the tenq}late or target strand, and would be 
particularly suitable for isolating particular DNA segments. Detection of DNA 
segments via hybridization is well-known to those of skill in the art, and the teachings 
of U. S. Patents 4,965,188 and 5,176,995 (each incorporated herein by reference) are 
exemplary of the methods of hybridization analyses. Teachings such as those found 

25 in the texts of Maloy et al, 1990; Maloy 1994; Segal, 1976; Prokop, 1991; and Kuby, 
1994, are particularly relevant. 

Of course, for some applications, for example, where one desires to prepare 
mutants employing a mutant primer strand hybridized to an underlying template or 
where one seeks to isolate particular target polynucleotide sequences from related 

30 species, functional equivalents, or the like, less stringent hybridization conditions will 
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typically be needed in order to allow formation of the heteioduplex. In these 
circumstances, one may desire to employ "low stringency" or "reduced stringency- 
hybridization conditions such as those employing from about 0.15 M to about 0.9 M 
salt, at temperatures ranging fix)m about 20°C to about 55°C. Cross-hybridizing 
species can thereby be readily identified as positively hybridizing signals with respect 
to control hybridizations. In any case, it is generally appreciated that conditions can 
be rendered more stringent by the addition of increasing amounts of fonnamide, 
which serves to destabilize the hybrid duplex in the same manner as increased 
temperature. Thus, hybridization conditions can be readily manipulated, and thus will 
generally be a method of choice depending on the desired results. Regardless of what 
particular combination of salts (such as NaCl or NaCitrate and the like), organic 
buffers (including e.g.. formamide and the like), and incubation or washing 
temperatures are employed, the skilled artisan will readily be able to employ 
hybridization conditions that are "high," "medium," or "low" stringency, and will be 
able to interpret the results from hybridization analyses using such conditions to 
determine the relative homology of a target nucleic acid sequence to that of the 
particular polynucleotide sequence employed. 

In certain embodiments, it will be advantageous to employ nucleic acid 
sequences of the present invention in combmation with an appropriate means, such as 
a label, for determining hybridization. A wide variety of appropriate indicator means 
are known in the art, including fluorescent, radioactive, enzymatic or other ligands. 
such as avidinA>iotin, which are capable of giving a detectable signal. In preferred 
embodiments, one will likely desire to employ a fluorescent label or an enzyme tag, 
such as urease, alkahne phosphatase or peroxidase, instead of radioactive or otiier 
enviromnentally undesirable reagents. In the case of enzyme tags, colorimetric 
indicator substiates are known tiiat can be employed to provide a means visible to the 
human eye or spectrophotometrically, to identify specific hybridization with 
complementary nucleic acid-containing samples. 

In general, it is envisioned that tiie hybridization probes described herein will 
be useful both as reagents in solution hybridization as well as in embodiments 
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employing a solid phase. In embodiments involving a solid phase, the test DNA (or 
RNA) is adsorbed or otherwise affixed to a selected matrix or surface. This fixed, 
single-stranded nucleic acid is then subjected to specific hybridization with selected 
probes under desired conditions. The selected conditions will depend on the 
5 particular circumstances based on the particular criteria required (depending, for 
example, on the G+C content, type of target nucleic acid, source of nucleic acid, size 
of hybridization probe, etc). Following washing of the hybridized surface so as to 
remove nonspecifically bound probe molecules, specific hybridization is detected, or 
even quantitated, by means of the label. 

10 

4.12 Development of an Integrated Circuit Microchip (ICM) 
4A2A ICM System and Design 

An important component of an ICM is the detection method and spectral range 
of sensing system. In the present work, several optical detection systems based on 

15 fluorescence of visible and near-infrared (NIR) dyes have been investigated for non- 
radioactive detection of tagged gene probes. Fluorescence detection means employing 
the integrated microchips of the present invention have been shown to selectively 
detect hybridized nucleic acids bound to the chip.. As shown previously, zeptomole 
(10*^* mole) detection limit using fluorescence detection of dyes with laser excitation 

20 is possible (Vo-Dinh et al, 1994). The miniaturization of optical biosensors is 
&cilitated by the versatility of waveguide configurations. FIG. 3A shows one 
configuration of a nucleic acid detection biochip. Various configurations and uses of 
the DNA biochips are illustrated in FIG. 3B. 

25 4.12-2 ICM System Using Integrated Phototransistors 

The instrumental system discussed herein includes the design of integrated 
electrooptic sensing photodetectors for the biosensor microchips. Highly integrated 
biosensors are made possible partly through the capability of fabricating multiple 
optical sensing elements and microelectronics on a single integrated circuit (IC). 
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FIG. 3 A, FIG. 3B, and FIG. 4A show an example of such integration. This 
figure schematically shows a two-dimensional array of optical detector-amplifiers 
integrated on a single IC chip. The insert m this figure shows that each optical 
detector is a phototransistor coupled to a transimpedence amplifier followed by an 
amplifier. This block is repeated several times on the IC chip and combined with 
other electronic elements such as filters and amplifiers, which can also be integrated 
on the same IC. 

The operational amplifier used vnih the phototransistor is a two-stage, 
unbuffered amplifier. The circuit is compact, occupying an area of only 185 jun x 
200 fim, yet has moderately high performance. It was designed to be usefiil for wide- 
band amplification and low-level signals. The gain-bandwidth product is 70 Mhz and 
the amplifier is stable for gains greater than 10. Other typical characteristics include: 
input offset voltage less than 5 mV, DC gain of 220, positive slew rate of 80 V/^is and 
negative slew rate of 9V/^ls. The circuit reqmres 2.5 mW fi-om a single 5-V supply. 
In the preferred embodiement this IC chip performed tiie complete conversion from an 
optical signal to an electrical signal suitable for data digitization and capture by a 
computer. 

FIG. 4B shows the physical layout of tiie phototiansistor and amplifier circuit. 
The circuit was febricated in a 2-jun. /^■well CMOS process and occupied an area of 
160,000 square microns. The phototiansistor is composed of 220 phototransistor cells 
connected in parallel. An individual phototransistor cell occupied 760 square 
microns. The tiansimpedence amplifier had a gain of lOOkV/A. As the 
phototiansistors were coupled with the lO-foId ampUfier gain, tiie resulting gain was 
10 V/A. The phototiansistors had a conversion gain on tiie order of 10 ^A/^W, so 
tiie entire cham had an approximate conversion gain of 10 V/mW. The exact gain 
generally depends on tiie specttal region of interest and, to some extent, on tiie signal 
level being monitored. 

The above desciibed elements may be modified to tailor tiie devices to specific 
appUcations. Since tiie phototiansistor is made from basic photoceU elements, it can 
be connected to as many cells as needed to create tiie desired geomeby or required 
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number of channels to adapt the detector to a specific application. Similarly, the gain 
and bandwidth of the amplifiers can be adjusted using simple resistor or capacitor 
changes as the application requires. Other light sensing structures in addition to the 
phototransistor may be fabricated using standard Complementary Metal Oxide 
5 Semiconductor (CMOS) processing steps. Several photodiode structures are possible 
using the junctions that would ordinarily form wells or transistors. 

4,12 J ICM System with Integrated Phototransistors 

A biochip having multiple arrays of exciting light sources and detectors is 

10 shown in FIG. 3. A design of an ICM system for such a biochip with integrated light 
emitting diodes (LED) excitation sources is illustrated in FIG. 4. This ICM system 
contains both GaAs chips used as light sources and the phototransistor as the detector. 
The electrooptic cuxuit and layout of this device shown in FIG. 5 and FIG, 6 FIG.5 
and FIG. 6 show the schematic diagram of the IC circuit and layout for the IR light 

15 source and the analog signal detection, respectively. 

4.12.4 ICM System with 4x4 n-well Photodiode Array 

A second ICM system includes large-area, 4x4 7i-well integrated amplifier- 
photodiode array that has been designed as a single, custom integrated circuit (IC), 

20 fabricated for the biochip. This IC device is coupled to the biosensor and is designed 
for monitoring very low light levels. 

The physical layout of the IC array is illustrated in FIG. 7 shows the individual 
photodiodes have 0.9-nmi square size and are arrayed on a 1-mm grid. The 
photodiodes and the accompanying electronic circuitry were fabricated using a 

25 standard L2-micron w-well CMOS process from Orbit Semiconductor (Sunnyvale, 
Calif.). The use of this type of standard process allows the production of photodiodes, 
phototransistors as well as other muneroiis types of analog and digital circuitry in a 
single IC chip. The photodiodes themselves are produced using the w-well structure 
that is generally used to make resistors or as the body material for a PMOS transistor, 

30 FIG. 8 shows a schematic cross-sectional drawing of the «-well photodiode. Since the 
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anode of the diode is the p-type substrate material, which is common to every circuit 
on Ae IC chip, only the cathode is available for monitoring the photocurrent and the 
photodiode is constrained to operate with a reverse bias. 

FIG. 9 shows a one-diode version of the circuit. The operational amplifier and 
feedback resistor R,(227) form a transimpedence amplifier that is used to convert the 
photocurrent into a voltage. The conversion gain (V/A) is determined by the value of 
rasistor 227. The feedback capacitor performs two fimctions: (a) it prevents the 
ampUfier circuit torn oscUlating, and (b) it limits the bandwidth of the circuit 
Generally, the bandwidth should be no more than that necessary for the desired 
measurement. Reduction of the bandwidth decreases the noise present at the 
amplifiei's output, so if this reduction can be accomplished vnthout attenuating the 
signal, a net gain in signal-to-noise ratio is achieved. For this circuit, the signal 
bandwidth is given by f=l/(27tR,C,), where R, is the resistance and C, is the 
capacitance. 

15 The voltage applied to the non-inverting input of the operational amplifier 

detennines the reverse bias applied to the photodiode. The IC can be operated with a 
single %-v supply. For example, if 2 V is applied to the non-inverting input, then the 
do level of the other input and the output will also be 2 V, so the reverse bias on the 
diode will be 2 V. Photocurrents flowing into the diode will also flow through the 

20 feedback resistor, causing the amplifier ou^ut to become more positive. As the 
operational amplifier output cannot exceed the positive supply, the maximum output 
will be approximately 5 V, so the maximum signal excursion is 3 V, which 
corresponds to a maximum current of 3 V / Rl . 

Alternative photodiode and integrated amplifier circuit block diagrams are 

25 shown m FIG. 10. Alternate to the transimpedence amplifier plus low-pass filter 
readout method is the use of an integrating amplifier as shown in FIG. 10. In this 
case, the amplifier integrates the current torn the photodiode until the signal is 
converted to digital format After conversion, the integrator is reset to its initial state 
and is capable of starting another measurement This scheme has the advantage that 

30 the integration time can be controlled to allow adapting to various light (and therefore 



wo 99/27140 PCT/US98/25294 

"47- 

current) levels. The disadvantage of this scheme is that it requires coordination 
between the analog-to-digital conversion process and the integrator. 

An analog multiplexer is designed to allow any of the elements in the array to 
be connected to an amplifier. In a specific embodiment, each photodiode could be 
5 supplied with its own amplifier. For this many applications, this feature is not 
necessary unless the additional data acquisition speed due to having parallel channels 
is required. The multiplexer is made fi-om 16 cells as illustrated in FIG. 1 1 . Each cell 
has two CMOS switches that are controlled by the output of the address decoder cell. 
Each cell has a unique 4-bit address. One switch is closed only when that particular 
10 cell is the one that is being addressed while the other switch is closed, except when 
that cell is the one being addressed. This process connects the addressed diode to one 
amplifier while all the others are cormected in parallel to the other amplifier as shown 
in FIG. 12. 

This arrangement allows connecting a 4 x 4 array of light sources (different 
15 fluorescent probes, for example) to the photodiode array and reading out the signal 
levels sequentially. With some modification, a parallel reading system can be 
designed. Using a single photodiode detector would require mechanical motion to 
scan the source array. The additional switches and amplifier serve to correctly bias 
and capture the charge generated by the other photodiodes. Failure to do this would 
20 result in erroneous measurements due to the addressed photodiode collecting current 
generated fipom elsewhere in the IC. Additionally, the additional amplifier and 
switches allow using the IC as a single, large area (nearly 4 nun square) photodetector 
(FIG. 32), 

25 4.12^ Alternative Photodetectors 

An avalanche photodiode (APD) provides an alternative solid-state method of 
detecting low light levels. Advantages of APD arrays over ordinarily used photodiode 
arrays include electron multiplication obtained by the avalanche process. This may 
improve the signal-to-noise ratio so that lower light levels are detected. 
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The process of making an APD and/or APD arrays from silicon includes 
fabricating structures that are not compatible with steps used in standard CMOS 
processing. A fully integrated microchip including avalanche photodiodes requires 
special semiconductor fabricating processes. Such processes are known in the art 
(Geiger et cd., 1990; Aubert et al., 1988). 



10 



4.12.6 Alternate Photodiode Array Readout Schemes 

There are sevaal alternate possibilities for reading out an array of photodiodes 
in addition to the multiplexed scheme that was implemented. For many applications, 
the low pass filter time constant is set to a large value to improve the signal-to-noise 
ratio. This requires a long time to acquire data for the whole array if each diode is 
read sequentially. For example, if the time constant is set to 1 second and the array is 
4x4, then the minimum time to acquire data would be somethmg 4x4x1 
second X 5 = 80 seconds. The last factor of 5 allows for the amplifier and low pass 
15 filter to settle to better than 1% accuracy after its input is switched to another 
photodiode. 

Partially Parallel Readout Scheme. According to one embodiement of the 
invention, the row of diodes are multiplexed into one amplifier/low pass filter circuit. 
Columns or other sub-units of the array could be used as well. The output of each 
20 filter is input to a multi-channel analog-to-digital converter (ADC), which can be 
implemented on the same IC as the photodiode array, ampUfier and filter. Compared 
to the sequential or serial readout case, the time required is reduced by a factor of n 
for an n X n array. The schematic block diagram of this partially parallel readout 
system is shown in FIG. 13. 

25 Fully Parallel Readout Scheme. This provides the fastest readout speed. Each 

diode is provided with its own amplifier, low-pass filter and ADC input channel. 
Compared to the serial readout case, the time required is reduced by a factor of n^ for 
an n X n array. The block diagram at a fiilly parallel readout system is shown in 
FIG. 14. 
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4A2J Photodetector Array Sizes 

One advantage of a custom biosensor IC is that the photodiodes can be made 
to physically match the probe. The prototype uses 0.9-mm square photodiodes on a 1 
mm X 1 nun square grid, but arrays with a larger number of smaller photodiodes can 
5 be made. Using readily available 1-2-micron technology, photodiodes on a 20-micron 
grid could be made for a 10 x 10 array. This would give 100 photodiodes in an area 
only 0.04 mm , i.e. 2500 photodiodes per mm , Even more density is possible using 
0.5-micFon processes that are commercially available. 

Using the serial readout scheme allows most of the chip area to be used for the 

10 photodiode array. It is likely that a 1000 element array will fit on a 5 mm x 6 min IC, 
which would be considered a medium-sized die format. For large arrays using the 
fully parallel readout scheme, the limiting factor on IC area is most likely the area 
required by the wiring and the readout electronics. Future advances in IC technology 
could increase the density of elements on the chip. 

15 The partially parallel readout scheme is a compromise between the other two 

cases. Compared with the serial case for a large array, the die size might double to 
allow partially parallel readout 

4.12,8 Alternative Detection Circuits 

20 Previous examples have shown use of a transimpedence amplifier to convert 

the current to a voltage and low-pass filters to improve signal-to-noise ratio for very 
low frequency or dc signals. Such filters may be implemented as digital filters or for 
different types of signals, such as a fluorescence or phosphorescence decay. A filter 
matched to the signal could be used to give optimal identification of the signal. 

25 In another embodiment according to the invention, present low current levels 

may also be measured by other means such as integrating the current for a fixed time 
prior to measuring the voltage. Alternatively, one may integrate the current until a 
predetermined voltage level is reached and measure the time required for the 
integration. These methods use the following relations allowing the determination of 

30 current from measured voltages, capacitances and times. 
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charge = cxirrent x time 

charge (on a capacitor) = capacitance x voltage 

The circuit used to integrate current is similar to the transimpedence amplifier 
shown in HG. 9, except that the feedback element of the amplifier is a capacitor 
5 shown as 241 m FIG 10 instead of a resistor. 

Another integrating amplifier possibility is to make an amplifier that amplifies 
the voltage developed across a capacitor which receives the charge. 

In yet another embodiment according to the present invention, another method 
of using an integrating amplifier is to employ an oscillator. The integrator integrates 
10 the unknown current to a preset voltage and then is reset by dischargmg the capacitor 
with a switch and the integrator is allowed to start again. This then cycles repeatedly. 
The fiiequency of oscUlation is proportional to die input current This common 
technique in circuit design may be used m the systems disclosed herein. 

Several methods may be employed to implement the integrating capacitor for 
15 the described detection circuite. One may use a capacitor such as polysilicon that is 
compatible with CMOS technology. Or one may take advantage of the capacitance of 
the photodiode itself, using the amplifier to amplify the voltage across the photodiode. 
This has the advantage Aat fewer components are needed compared to using sq)arate 
integrating capacitors. For an array of photodiodes, all photodiodes may be integrated 
20 simultaneously and one (fest) amplifier used to multiplex the outputs vdthout 
depriving the circuit of significant measurement time. 

4.12,9 Excitation Light Sources 

Light sources such as light-emitting diodes (LEDs) and semiconductor lasers 

25 may be used in connection with the integrated microchips herein described. One may 
also choose to employ alternative microiaser systems such as edge-emitting lasers and 
surface emitting lasers. Vertical-cavity surface-emitting (VCSELs) are particularly 
suitable hght sources for integrated microchips. The linearity of laser arrays makes 
them ideal for compact 2-dmiensional and 3-dimensional configurations in ICM 

30 systems. Quantum Cavity (CQ) lasers can also be used due to their small sizes. The 
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QC lasers provide powerful mid-inifrared semiconductor lasers that can be used in 
absorption and Raman mode. 

The ability to shape the diverging beam form a surface-emitting laser or a 
light-emitting diode is important for micro-optic illumination in ICM systems. One 
5 may use difl&active optical elements (DOE) systerais that can be integrated into the 
ICBM devices- For example, a wide variety of optical elements may be designed and 
fabricated using current processing technologies. Compact DOEs and VCSELs can 
be integrated and &bricated on a single transparent substrate as illustrated in FIG 29. 
The DOEs can be etched directly into the substrate. Such a compact source- 
10 dififractive lens is ideal for miniature optical ICM array design. 

4.13 Evaluation of Visible and NIR Dye Labels for Gene Probes 

Many photodetectors used in IC chips operate in the red and near infrared 
(NIR) spectral region. It is therefore important to develop and evaluate DN A labels in 

15 the red and NIR region. The inventors have investigated gene probe sensing methods 
using both visible (350-700 nm) and NIR (700-1000 nm) spectral range fluorescent 
dye labels. Excitation and detection in the NIR range presents certain difficulties but 
also offers several advantages. Measurements in the NIR have less backgroimd 
fluorescence interference since very few species with NIR emission occur in samples 

20 such as sea water, tissue, serum and other body fluids. Since the intensity of scattered 

4 

light exhibits frequency (fourth-power) dependence, samples that appear opaque in 
the visible region may be more transparent in the NIR region. Finally, an important 
advantage associated with NIR measurements is the availability of low-cost, 
miniaturized diode lasers which usually have emission lines in the red and NIR 
25 regions. 

Thus, NIR dye labels in gene probe biosensors offer the advantages 
mentioned. In one model example, a waveguide multiprobe system with CCD 
detector configuration was used. The diode laser line of 780 nm at 9.5 mW was used 
for excitation, FIG, 15 shows a calibration curve for a NIR dye-labeled single- 
30 stranded DNA (5'-CCTCCTCCTTCCCAGCAGGG.3'; SEQ ID N0:1) over a 
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concentration range fiom 1 pmoynL to 3 finol/jiL. Excitation light was provided by a 
pen-size 9.5-mW laser diode (780 nm) and measurement times ranged from 1 to 
3 min. This calibration curve was linear over the full range of the dye concentration 
investigated. The limit of optical detection, based on a signal equal to three times the 
5 standard deviation of the noise, was estimated to be in the 100 attomole/fiL. 

FIG. 16 shows the results of measurements of gene probes tagged witii 
fluorescein, a dye label emitting in tfie visible range. Measurement times ranged fiom 
0.05 to 2 s. The results show that the calibration curve is linear even witii 
concentrations as low as approximately 2 nmoyMl. The higher detection limit is 
10 attributed to an increase in background fluorescence of the waveguide in tiie visible 
region. 



4.14 Evaluation of the ICM Biosensor Systems 

The microchips designed and fabricated for tiiis shidy were evaluated by 
15 measuring die fluorescence signal of a fluorescent dye spotted onto the detector. 
FIG. 17 shows ttie performance of the specially designed ICM phototransistor and 
amplifier circuit (device No.ICI N551-CD2) which consisted of a 2-nm, p-weU 
CMOS process and occupied an area of 160,000 square microns. As described in the 
experimental section, the phototiansistor was actually composed of 220 

20 phototransistor cells connected in parallel. The figure shows tiie signal output 
response for various concentration of the dye label Rhodamine-6G excited with a 
small helium-cadmium laser (8 mW, 325 nm). The results illustrate tiie linearity of 
the microchip detector with respect to tiie label concentration. 

Measurements using an amplifier-phototransistor (APT) ICM device witii 

25 4 X 4 array of phototiansistors (FIG. 1 8) have been perfonned. The photocunent of 
each channel of tiie APT microchip was recorded using a digital photometer. The data 
fi-om the photometer were transferred to a personal computer (PC) via an RS-232 link. 
The samples consisted of an array of microspots of fluorescein-labeled DNA on a 
membrane. The membrane was placed on a glass slide connected to a linear 

30 tianslation stage. The measurements were made while tiie translation stage moved tiie 
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sample arrays over the stationary phototransistor device. Light from an argon ion 
laser at 488 nm was transmitted via an optical fiber and focused onto a sample spot. 
An ^propriate optical filter placed between the sample substrate and the detector 
array was used to reject the laser radiation. 
5 Hie data obtained with this experimental set up showed four resolved signals 

as the sample spots moved over an APT microchip chaimel (FIG. 19). Four sample 
spots of l-|aL of fluorescein-labeled DNA probes were placed on a nitrocellulose 
membrane, vdiich was translated over a detection channel of an AP-ICM biochip. As 
the DNA spot passed over the photodetector, a fluorescence signal is detected. The 4 

10 peaks in FIG. 19 illustrate the detection of the 4 DNA spots on the substrate by the 
ICM device. FIG. 20 shows the calibration curve of the fluorescein-labeled DNA 
using the APT microchip device. This demonstrates the possibility for quantitative 
measurements of the microchip device. 

The photodiode array (PDA) microchip device using photodiode array was 

15 also evaluated and showed excellent sensitivity with the NIR dye labeled DNA, The 
results demonstrate the feasibility of the ICM technology for used in DNA biosensor 
applications. 

5.0 Examples 

20 The following examples are included to demonstrate preferred embodiments 

of the invention. It should be appreciated by those of skill in the art that the 
techniques disclosed in the examples which follow represent techniques discovered by 
the inventors to fimction well in the practice of the invention, and thus can be 
considered to constitute preferred modes for its practice. However, those of skill in 

25 the art should, in light of the present disclosure, £5>preciate that many changes can be 
made in the specific embodiments which are disclosed and still obtain a like or similar 
result without departing from the spirit and scope of the invention. 

Preferred embodiments of the present invention are illustrated in FIGs. 1-29 of 
the drawings, like munerals being used to refer to like and corresponding parts of the 

30 various drawings. 
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5.1 Example 1 ~ Nucleic Acid Biochip Integrated Device 

FIG. 1 shows an exploded, schematic, perspective view of an example of 
DNA biochip 109 that combines optical and electrical components. The components 
5 shown include a Ught source 101, optical element 102. fUter 103, reflective optic 104. 
samphng platform 105, for receiving and delivering sample 110 onto spot arrays 106 
on a substrate 111, filter 107. and an array of photodetectors, 108. 

The optical elements shown in FIG. 1 may be positioned separately from the 
biochip 109, but are preferably integral witfi the biochip. In die latter instance, a 

10 tiMsparent shield or seal (e.g.. plate made with glass or quartz or plastic which is 
optically tiansparent at the wavelengths of interest for deletion) isolates the optical 
component bom flie biochemical components. Light from 4ight source 101 travels 
tiirough self-imaging optical element 102 (e.g., defiactive optics, binary optics or self- 
imaging optics systems tiiat transform a point source mto 2-dimensional array of light 

15 beams) and filter 103 to select and spectrally isolate the incident wavelength and is 
reflected by reflective optic 104 onto the sample platform 105. A signal from a 
hybridization event passes tiirough filter 107, which blocks tire light fcom the light 
source 101, and is detected by the phototransistor array 108. 

20 5.2 Example 2 ~ Optical Detector and Ampliwer Circuit 

These optical detector and amplifier circuit shown in FIG. 2 may be 
implemented on an integrated circuit in order to convert an optical signal into an 
electrical signal suitable for data digitization and captiire by a computer. The optical 
detector and amplifier includes a phototiansistor 122 coupled to a tiansimpedence 

25 amplifier 120, vrfiich converts a current signal into a voltage signal and which is 
followed by an amplifier 121. The operational amplifier 127 in tire tiansimpedence 
amphfier 120 is a two-stage, unbufiFered amplifier. 

In one embodiment, capacitor 125 has a value of 2 pF and resistor 126 has a 
value of 100 KQ. The gain of amplifier 121 is equal to 1 + (Resistance 129 / 

30 Resistance 130). Thus, in one specific embodiment for which tiie gain of amplifier 
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121 is 10, resistors 129 and 130 are chosen so that their ratio is 9. The circuit is 
compact (185 }xm x 200 fim), but has moderately high performance. It is designed to 
be useful for wide-band amplification and low-level signals. The gain-bandwidth 
product is 70 MHz, and the amplifier is stable for gains greater than 10, In addition, 
5 the circuit has an input oflfset voltage less than 5 mV, a DC gain of 220, a positive 
slew rate of 80 V/jis, and a negative slew rate of 9 V/^ts. The circuit requires 2.5 mW 
from a single 5 V supply. The cux:uit of FIG. 2 may be fabricated in a 2 ^im, P-well 
CMOS process. 

In one embodiment of such a circuit, phototransistor 122 is composed of 220 

10 phototransistor cells that are connected in parallel. Each phototransistor cell occupies 
an area of 760 square microns, and the entire circuit occupies an area of 160,000 
square microns. The transimpedence amplifier has a gain of 100 kV/A and is 
followed by an amplifier with a gain of 10. Thus, the total gain is 10^ V/A, The 
phototransistors have a conversion gain on the order of 10 ^A/jiW, and thus the entire 

15 circuit has an approximate conversion gain of 10 V/fiW. The exact gain generally 
depends on the spectral region of interest and, to some extent, on the level of the 
signal being monitored. 

The circuit described by FIG. 2 may be modified as required by specific 
applications. Since the phototransistor cell 122 is composed of basic photocell 

20 elements, it may be connected to as many cells as needed to create a desired geometry 
or a required number of channels needed to adapt the detector to a specific 
application. Other light sensing structures in addition to the phototransistor may be 
fabricated using standard CMOS processing steps. Several photodiode structures are 
possible using standard pn jimctions. 

25 An avalanche diode is an alternative solid-state device that is capable of 

detecting very low light levels. An advantage it has over an ordinary photodiode is 
the electron multiplication obtained by the avalanche process, which results in an 
in^)rovement in the signal to noise ratio that enables smaller light levels to be 
detected A disadvantage of this approach is that avalanche diodes require steps and 

30 structures that are not compatible with standard CMOS processing. A fully integrated 



10 



PCT/US98/2S294 

-56- 

microchip including avalanche photodiodes would require the development of a 
special semiconductor fabrication process. An APD differs fiom an ordinary 
photodiode in that the applied reverse bias is sufficient to cause electron 
multiplication. The most reliable way to cause this multiplication is by a large voltage 
(70-500V) to deplete a p-n junction where both the p- and n-type material is lightly 
doped. This results in a thick region of depleted material where the electric field is 
high enough to produce considerable electron multiplication, but not cause electrical 
breakdown. The applied voltage sets the gain (electron multiplication). In a standard 
low-voltage IC process, the doping levels are higher and breakdown voltages are 
lower. Voltages sufficient to cause considerable electron multiplication are too near 
the breakdown voltage to allow practical APDs. However, in a "high-voltage" 
process (50-lOOV breakdown) such as those used for some industrial electronics, it 
might be possible to fabricate a p-n junction that could be used as an APD while still 
allowing standard electronics to exist on the same IC. It might be necessary to add 
15 additional diflRision steps to the process to create the p-n junction for the APD while 
the standard process steps would be used to create signal processing electronics. 

53 Examples - Biochip 

FIG. 3 shows a biochip having multiple arrays of exciting light sources and 
detectors. The biochip includes a sampling stage layer 140, a filter and lens stage 
layer 141, and a silicon die stage layer 142. Light fiom light source 144 driven by a 
driver circuit 149, see FIG. 30, is reflected &om mirror coating 150. The mirror 
surface is designated such that the light beam fiom 144 is focused and directed to 
cover the area of the microchamber surfece which contain the DNA probe or DNA 
sample. If luminescence is the signal being detected, the resulting light travels 
through an optional filter and lens stage 147 and is detected by the photodetector 143 
and the associated signal processing electronics 148 such as the system shown in FIG. 
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5.4 Example 4 - BiochipII 

FIG, 4 shows a design of an integrated circuit microchip (ICM) system for a 
biochip as shown in FIG, 3 with substrate 142 and uitegrated light emitting diode 
excitation sources 144. This ICM system contains both a Gallium Arsenide (GaAs) 
5 chip 151 used as a light source and a phototransistor 143 used as a detector. Light 153 
from the sources 151 strikes luminescent tags, and light 152 from the tags strikes the 
phototransistor 143, activating electronics 148. 



5.5 Example 5 - Integrated LED Light Source and Phototransistor 
10 Detection Device 

An LED 161 is driven by an LED driver 160 as shown in FIG. 5, The hght is 
collected by the base 173 of phototransistor 162. In one embodiment, the emitter 163 
of phototransistor 162 is connected to a 5 V source. The current from collector 164 is 
converted to a voltage by transimpedence amplifier 167 (consisting of operational 
15 amplifier 165 with non-inverting input 175 tied to a 2.5 V source and feedback 
resistor 166) and then amplified by a gain stage 169 and a power amplifier 172. AC 
coupling with c^>acitor 170 and resistor 171 tied to ground is used to block the dc 
component of the signal. This circuit includes an LED for excitation. The circuit also 
can operate to detect pulsed or modulated light signals due to its AC coupling scheme. 

20 

5.6 Example 6 - Layout Of An Integrated Circuit For Implementing 
Light Source And Detection Device 

FIG. 6 illustrates an integrated circuit that may be xised for implementing the 
light source and detection device of FIG, 1 or FIG. 5. Silicon die 183 with bonding 
25 pads 182 contains a GaAs infrared LED 161 that is driven by LED driver circuit 160. 
LED array 180 is multiplexed by multiplexer 181 to amplifiers 167 and 168. Detector 
162 signal is amplified and compared to a reference level by comparator 184. This 
may be used to give a simple indication of the total level of fluorescence present. 

A second embodiment of the present invention includes a large-area, 4 x 4 w- 
30 well integrated amplifier-photodiode array that is designed as a single, custom 
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integrated circuit This integrated circuit is coupled to a biosensor and is designed for 
monitoring very low light levels. FIG. 7 shows the physical layout of such an array. 
The sixteen individual photodiodes are 0.9 mm by 0.9 mm in size and are arranged on 
a 4 nun by 4 mm grid. FIG. 7 is an example of a 4 x 4 array of detectore which can 
5 be used in systems shown in FIG. 21 , FIG. 23, HG. 25 and FIG. 29. The Kght sources 
are not shown in FIG. 7. The photodiodes and the accompanying electronic circuitry 
may be fabricated using a standard 1.2 micron n-well CMOS process such as that 
available fiom Orbit Semiconductor. The use of this type of standard process allows 
the production of photodiodes and phototransistors, as well as many other types of 
10 analog and digital circuitiy, in a single integrated circuit. The photodiodes are 
produced using the «-well stracture generally used to make resistors or the body 
material for a PMOS transistor. Details are shown m FIG. 8. 

5.7 Example? - Schematic Cross-Section of an At-WELLPHOTODiODE 
FIG- 8 illustrates a schematic cross-section of an w-well photodiode that may 

be used in the photodiode array of FIG. 7. The light 203 travels through oxide layer 
200. Since the anode 202 of the photodiode 190 is the i>type substrate material that is 
common to each circuit on the chip, only the cathode 201 is available for monitoring 
the photocurrent, and the photodiode is constrained to opeiale with a reverse bias, 

20 

5.8 Examples - Detection Circuit 

FIG. 9 shows a photodiode instead of phototransistor circuit that establishes 
reverse bias of photodiode mcludes adjustable gain 222. (Note that FIG. 2 and FIG. 5 
show phototransistors instead of photodiodes.) The operational amplifier 225 and the 

25 feedback resistor 227 form a transimpedence amplifier 221 that converts the cuirent 
fiom the photodiode 220 (with anode 230 tied to ground and cathode 229 tied to the 
inverting mput of operational amplifier 225) into a voltage. The conversion gain (in 
volts per amp) is determined by the value of the feedback resistor 227. The feedback 
capacitor 226 prevents the amplifier 221 fiom oscUlating and limits the bandwidth of 

30 the circuit, v**ich should generally be no greater than required to obtain the desired 
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measurement. Reduction of the bandwidth decreases the noise that is present at the 
amplifier's output and thus, if the signal is not attenuated by the decreased bandvddth, 
results in a net gain of signal to noise ratio. The signal bandwidth for the circuit in 
FIG. 9 is l/(27rRiC,). 

5 In one embodiment, feedback resistor 227 has a value of 1 MCI and feedback 

capacitor 226 has a value of 100 pF. A bias voltage may be applied to the non- 
inverting input 228 of operational amplifier 225 to decrease the response time of 
photodiode 220. A low pass filter 224 and an adjustable gain 222 precede the analog 
to digital converter 223 and are included to improve the signal to noise ratio for wcry 

10 low fi:equency or dc signals. The voltage applied to the non-inverting input of the 
operational amplifier determines the reverse bias applied to the photodiode. The 
integrated circuit may be operated with a single 5 V supply. If 2 V are applied to the 
non-mverting input, then the DC level of the other input and the output will also be 2 
V, so the reverse bias on the photodiode will be 2 V, Current flowing into the 

15 photodiode will also flow through the feedback resistor, causing the amplifier output 
to become more positive. Since the output of the operational amplifier cannot exceed 
the value of the positive voltage supply, the maximum output will be approximately 5 
V. Thus, the maximum signal excursion will be 3 V, which corresponds to a 
maximum current of 3/Ri . 

20 Although this embodiment has illustrated one metiiod for measuring low 

current levels, many other methods are possible and could be used without departing 
fiom the spirit and scope of the present invention. For example, one method of 
determining the current would be to integrate the current using an integrating 
amplifier for a fixed time and then measure the voltage or to integrate the current until 

25 a fixed voltage is reached and then measure the time. A second method to determine 
the current would be to use an oscillator. In particular, an integrator could continually 
integrate the unknown current until a preset a voltage was reached and then reset 
itself The resulting fi^quency of oscillation wotild be proportional to the current In 
addition to using standard CMOS capacitors, one could implement this second 

30 method using the capacitance of the photodiode itself Initially, the switch is closed 
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and the capacitance of the photodiode is discharged and there is zero voltage across 
the photodiode. When the switch is opened, light impinging on the photodiode 
creates charge which produces a voltage on the photodiode capacitance. Mote light 
increases the voltage which is amphfied by the amplifier. When the output of tiie 
amplifier exceeds the reference voltage, the output of the comparator changes state, 
firing the one shot which in turn closes the switch and discharges the photodiode 
capacitance. This resets the amplifier input to the initial state and the comparator also 
returns to its initial state. When the one-shot times out, the switch opens and the 
process of charging can start again. A greater light level results in fester charging and 
therefore a higher fiiequency output of the oscillator. This results in an array of 
integrators that could be mvdtiplexed to a single fast amplifier without the loss of 
significant measurement time. 

5.9 Example 9 — Alternative Detection Circuit 
FIG. 10 shows an alternative detection circuit that may be used in conjunction 

with the photodiode array of FIG. 7. The circuit in FIG. 10 uses an integrating 
amplifier 240 in place of the transimpedence amplifier 221 in FIG. 9. The low pass 
filter 224 in FIG. 9 is not required since the integrator 240 in FIG. 10 is an 
automatically tracking low pass filter during each sample period. In FIG. 10, Ac 
integrator 240 integrates the current fi?om the photodiode 220 until the signal is 
sampled, at which point the integrator 240 is cleared by closing reset switch 242. An 
advantage of this approach is that the integration time may be adapted to various light 
(and therefore current) levels. This approach requires coordination between the 
analog to digital conversion process and the integrator. The analog-to-digital 
converter must sample the output of the programmable gsan amplifier when the 
integration time is completed and before the integrator is reset. 

5.10 Example 10 - Analog Multiplex 
FIG. 1 1 shows an analog multiplexer 265 that may be used to allow any single 

element 266 in the photodiode array of FIG. 7 to be connected through outout 267 to 
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an amplifier 260. One possible implementation of this multiplexer for use with 16 
elements is shown in FIG. 12. Each element 266 has a unique foiu bit address and two 
CMOS switches 286 and 287 that are controlled by the output of the cell's address 
decoder 280. Switch 286 is closed only when that particular cell is being addressed, 
5 and switch 287 is closed except when that particular cell is being addressed. In this 
way, the addressed photodiode is connected to one amplifier 260 through output 267 
and the non-addressed photodiodes are connected in parallel to another amplifier 261 
through output 268. Switch 286 is composed of parallel CMOS switches 282 and 
283, and switch 287 is composed of parallel CMOS switches 284 and 285. One gate 
10 in each pair is controlled by the ou^ut of the address decoder and the other gate is 
controlled by the inverse 281 of the output of the address decoder. This configuration 
allows the switching of signals that range fi-om the ground potential to the supply 
voltage. (The individual CMOS gates are not forward biased at the peak of the signal 
swng). 

15 

5.11 Example 11 - Light Source Array 

Using the multiplexer in FIG. 11, FIG, 12 shows use of a 4 x 4 array of light 
sources (such as luminescent probes, for example) to be connected to a photodiode 
array fi-om which signal levels are read sequentially. Using a single photodiode 

20 detector instead would require mechanical motion to scan the source array. The 
amplifier for the non-addressed photodiodes allows the charges from these 
photodiodes to be correctly biased and captured. Failure to use this amplifier may 
result in an erroneous measurement fix)m the addressed photodiode due to its 
collection of currents fiom non-addressed photodiodes. Further, this multiplexed, 

25 dual amplifier approach allows the chip to fiinction as a single, large area (nearly 4 
mm square) photodetector. 

For many applications, the low pass filter time constant is large in order to 
improve the signal to noise ratio. If the data are read sequentially, a large time 
constant can greatly increase the time needed to read the entire array. For example, if 

30 the time constant is set to 1 second and the array is 4 x 4, then the minimum time to 
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acquire data would be 80 seconds, where a factor of 5 has been included to allow the 
amplifier and low pass filter to settle after their input is switched to another 
photodiode. 

5.12 Example 12 - Partial Parallel Method 

As an ahemative to the multiplexed method shown in YIG. 1 1 and FIG. 12, a 
partially parallel method may be used to obtain data fi-om the photodiode array shown 
in FIG. 7. Such a partially parallel method is illustrated by HG. 13. In this case, a 
row 310 of photodiodes 300 is multiplexed by multiplexer 301 into an amplifier 302 
and a low pass filter 303. Columns or other sub-units of the anay may be used in 
place of rows. The output of each low pass filter is input into a multi-channel analog 
to digital converter 304, which may be implemented on the same integrated circuit as 
the photodiode array, ampKfier, and low pass filter. The A/D converter 304 produces 
output 305. For an n X n array, such a partially parallel method reduces the time 
required for a sequential method by a factor of «. 

5.13 Example 13 - Fully Parallel Readout 

Yet another method that may be used to obtain data fiom the photodiode array 
shown in ¥IG. 7 is the fully parallel readout scheme shown in HG. 14. In this case, 
each photodiode 320 is provided with its own amplifier 321, low pass filter 322, and 
analog to digital converter input 328. For an « x « anay, such a fiilly parallel method 
reduces the time required for a sequential method by a factor of t?. 

One advantage of a custom biosensor integrated circuit is that the photodiodes 
may be made to physically match the probe. The embodiment of HG. 7 uses 0.9 mm 
square photodiodes on a 1 mm by 1 mm square grid, but arrays with a larger number 
of smaUer photodiodes are also possible. Using the readily available 1.2 micron 
technology, a 10 by 10 array may be made using photodiodes on a 20 micron grid, 
thereby providing 100 photodiodes in an area of only 0.04 mm^ which is a density of 
2500 photodiodes per mml An even greater density is possible using 0.5 micron 
processes or 0.25-micron (or less) processes, which are also commercially available. 
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These processes use lithographic methods to fabricate these submicron structures to 
allow greater density of photodetector and light source arrays- 

5.14 Example 14 - NIR Dye-Labeled Nucleic Acids 
5 FIG. 15 shows a calibration curve for an NIR dye-labeled, single-stranded 

DNA (sequence: 5'-CCTCCTCCTTCCCAGCAGGG-3'; SEQ ID N0:1) over a 
concentration range from 1 pmol/^iL to 3 finol/fiL. Excitation light was provided by a 
pen-size 9,5 mW laser diode (780 nm), and measurement times ranged from 1 to 3 
minutes. Data were collected using a waveguide multiprobe system with a charge- 
10 coupled device (CCD) detector. This calibration curve was linear over the full range 
of the dye concentration investigated. The limit of optical detection, based on a signal 
equal to three times the standard deviation of the noise, was estimated to be in the 
range of 1 00 attomole/^L. 

15 5.15 Example 15 - Fluorescence Measurements on Tagged Gene 
Probes 

FIG. 16 shows the results of measurements of gene probes tagged with 
fluorescein, a dye label emitting in the visible range. Measurement times ranged from 
0,05 to 2 s. The results show that the calibration curve is linear down to a 
20 concentration of approximately 2 nmol/jiL. The higher detection limit is attributable 
to an increase in background fluorescence of the waveguide in the visible region. The 
measurements were performed using the CCD detection system. The results 
demonstrate the possibility for quantitative analysis of fluorescein-labeled DNA 
protes. 

25 

5.16 Example 16 - Signal Output Response for Fluorescent Dye 

The present invention has been evaluated by measuring the fluorescence signal 
of a fluorescent dye spotted into the detector. FIG. 17 shows the performance of an 
ICM phototransistor and amplifier circuit consisting of a 2 ^im, /?-well CMOS process 
30 occupying an area of 1 60,000 square microns and 220 phototransistor cells connected 
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in parallel. Shown in FIG* 17 is the signal output response for various concentrations 
of the dye label Rhodamine-6G excited with a small helium-cadmiiun laser (8 mW, 
325 nm) illustrating the linearity of the microchip detector with respect to label 
concentration. 

5 

5.17 Example 17 - Evaluation of a 4 x 4 Array Integrated Chip 

FIG. 18 illustrates a setup for the evaluation of a 4 x 4 array 
amplifier/phototransistor integrated circuit microchip (AP-ICM) device. The current 
m each channel was recorded using a digital photometer. The data fiom the 

10 photometer was transferred to a personal computer via a serial RS-232 line. Hie 
samples consisted of an array of microspots 343 of fluorescein-labeled DNA on a 
membrane. The membrane was placed on a glass slide 341 connected to a linear 
translation stage 340. The measurements were made while the translation stage 
moved the sample arrays over the stationary phototransistor device 342. Light fiom 

15 an argon ion laser 348 at 488 nm was transmitted via an optical fiber 346 through 
focusing optics 345 and 347 and was focused onto a sample spot. An appropriate 
optical filter 344 was placed between the sample substrate 343 and the detector array 
342 in order to reject the laser radiation. The set-up described here was designed to 
evaluate the response of each individual photodetector on the chip. Application or 

20 systems are contemplated where multiple samples are scanned over individual 
detectors. 

5.18 Example 18 - Detection of DNAs Using the AP-ICM 

FIG. 19 shows the results when four sample spots of 1 of fluorescein 
25 labeled DNA were placed on a nitrocellulose membrane that was translated over a 
detection channel of the AP-ICM device shown in FIG. 18. As the DNA spot passed 
over the photodetector, a fluorescence signal was detected. The four peaks in FIG. 19 
illustrate die detection of tiie four DNA spots on the substmte by tiie AP-ICM device. 
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FIG. 20 shows the calibration curve of fluorescein-labeled DNA using the AP- 
ICM device shovm in FIG. 1 8, The results demonstrate the capability of the AP-ICM 
chips to produce quantitative measurements of fluorescein-labeled DNA. 

5 5.19 Example 19 - Absorption and Reflection Measurements 

FIG. 21 shows an embodiment of the present invention that is used for 
absorption and reflection measurements. Light from LED or diode laser 366 passes 
through an optional optical filter or lens stage 365 and the sample 363, which can be 
accessed through an optional sample inlet 364. Light from the sample 363 passes 
10 through an optical filter or lens stage 362 and impinges upon photodetector 361. 
Signal processor 360 receives the output from photodetector 361. 

5,20 Example 20 - Simultaneous Detection of Fluorescence and 
Raman 

15 FIG. 22 shows an embodiment of the present invention that uses two 

photodetectors for simultaneous fluorescence and Raman measurements. Light fix>m 
an excitation source 385 unpinges upon sample 384. Light from sample 384 passes 
through the lens stage and optical filter 380 for fluorescence measurement and 
through the lens stage and optical filter 383 for Raman measurement Light passing 

20 through lens stage and optical filter 380 is measured by photodetector 381 and 
processed by signal processor 386. Light passmg through lens stage and optical filter 
383 is measure by photodetector 382 and processed by signal processor 387, 

S21 Example 21 - Multi-Detection Apparatus 

25 FIG* 23 shows an embodiment of the present invention that uses three 

photodetectors for simidtaneous absorption, fluorescence, and Raman measurements. 
A sample enters the sample chamber 414 through sample inlet 401 and exits through 
sample outlet 400. An LED or diode laser 412 receives pov^^er from a power supply 
413 and directs light through an excitation filter 411 into sample chamber 414, 

30 Fluorescence measurements are made by optical filter and lens 402, photodetector 
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403, and signal processor 404. Absorption measurements are made by optical filter 
and lens 405, photodetector 406, and signal processor 407. Raman measurements are 
made by optical filter and lens 410, photodetectOT 409, and signal processor 408. 

5 5.22 Example 22 - Apparatus for Microfi.uidic Devices 

FIG. 24 shows an embodiment of the present invention that is used to detect 
samples fiom a microfluidic device such as a capillary electrophoresis array, a liquid 
chromatography array, a gas chromatography array, or a Lab-on-chip system. A 
microfluidic array 420 of microfluidic devices 422 direct samples through 
1 0 microfluidic channels 423 to the ICM chip 421. 

FIG. 25 Shows a detailed drawing of die ICM chip 421 used in the 
embodiment depicted by FIG. 24. The sample fiom the microfluidic device 422 
enters sample chamber 445 through inlet 441 and exits through ouUet 440. Light from 
LED 444 enters sample chamber 445, and the results are detected by photodetector 
1 5 443 and signal processor 442. 

FIG. 26 shows an embodiment of the present invention that is used to detect 
samples from a microfluidic device using an imaging lens, binary optics, or a lens 
array to image each microfluidic channel onto a detector element of the ICM. 
Samples are directed from the microfluidics system 460 into sample chambers 461. 
20 Light from the sample chambers 461 is directed through imaging lens, binary optics, 
or lens array 465 and through an optical filter 462 onto photodetectors 463 on an ICM 
chip 464. 

5.23 Example 23 - Micro-Electromechanical Systems 
25 FIG. 27 shows a micro-electromechanical system (MEMS) that is used to 

construct an ICM with Random Access Microsensing. Light 483 from laser 485 is 
directed toward an electricaUy positionable MEMs mirror 482, which then selectively 
directs the light onto DNA coated substrate 484 in a sample microchamber 480. The 
results are detected by a photodiode 481. 
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FIG. 28 shows an overview of an ICM system that uses the MEMS depicted in 
FIG. 27. Light 503 from laser 504 is selectively redirected by column select mirrors 
500 onto a particular cell select mirror 501, which then directs the light into the 
corresponding biosensor cell 502. The mirrors as well as the diodes are etched and 
5 formed from silicon. The general fabrication steps for MEMs are similar to IC 
fabrication procedures using lithogrs^hic techniques. For MEMs, additional etching 
steps are performed to free to movage devices (e.g., mirrors) from the substrate. The 
mirrors allow the light from the laser 504 to be directed toward any individual 
biosensor cell. 

10 

5.24 Example 24 - Vertical-Cavity Surface-Emitting Laser Apparatus 
FIG. 29 shows an embodiment of the present invention that uses individually 
addressable, integrated vertical-cavity surface-emitting lasers (VCSEL) and on-axis 
and/or oflf-axis diffiactive lenses. The Imearity of VCSEL arrays make them ideal for 

15 compact two-dimensional and three-dimensional configuration in ICM systems. The 
ability to shape a diverging beam from a surface-emitting laser or an LED is important 
for micro-optic illumination in ICM systems. The dififiractive optical element (DOE) 
system shown in FIG. 29 allows for this ability and, as shown, may be integrated and 
fabricated with a VCSEL onto a single transparent substrate. Such a compact source- 

20 difl&active lens is ideal for a miniature optical ICM array. Note, as shown in FIG. 29, 
that a DOE system can be constructed to produce either on-axis or oflf-axis beams. An 
on-axis configuration is suitable for absorption measurraients, ^ereas an off-axis 
configuration is suitable for emission measurements. The off-axis beam can be 
constructed so that it does not impinge the detector, thus minimizing scattered light. 

25 Light from the VCSEL array 520 is directed through beam waists 522 

constructed on the GaAs substrate 523 and then through either an on-axis diffractive 
lens 521 or an off-axis diffractive lens 524. The results from sample chamber 525 are 
detected by photodetector 526. 
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5 J5 Example 25 - Development of a DNA Biochip for 
Gene Diagnosis 

Rapid, simple, cost-eflFective medical devices for screening multiple medical 
diseases and infectious pathogens are essential for early diagnosis and improved 
5 treatments of many illnesses. An important factor in medical diagnostics is rapid, 
selective, and sensitive detection of biochemical substances (proteins, metabolites, 
nucleic acids), biological species or Uving systems (bacteria, virus or related 
components) at ultratrace levels in biological samples (e.g., tissues, blood and other 
bodily fluids). To achieve the required level of sensitivity and specificity in detection, 

10 it is often necessary to use a biosensor tiiat is capable of identifying and differentiating 
a large number of biochemical constituents in complex samples. Living systems 
possess exquisite recognition elements (e.g., antibody, enzyme, gene probes, etc.), 
often referred to as bioreceptors, which allow specific identification and detection of 
complex chemical and biological species. Biosensors exploit tiiis powerfiil molecular 

15 recognition capability of bioreceptors. Due to the exquisite specificity of the DNA 
hybridization process, there is an increasing interest in the development of DNA 
bioreceptor-based analytical systems (Vo-Dinh etal., 1994; Isola etal., 1996; Alarie 
etal., 1992; Vo-Dinh etal., 1987; Vo-Dinh etal., 1991; Stevenson etal., 1994). 
Gene probes using a novel detection scheme based on surface-enhanced Raman 

20 scattering (SERS) labels were recentiy developed in the inventors' laboratory to 
enhance botii the selectivity and sensitivity of DNA biosensors (Vo-Dinh etal.,\ 994). 
A fluorescence-based fiberoptic genosensor for Afycobacterium tuberculosis was 
reported (Isola et at, 1996). 

This woric involves the development of a new generation of biosensors based 
25 on integrated circuit (IC) microchips using DNA bioreceptors designed to detect 
sequence-specific genetic constituents in complex samples. The design of the 
integrated electio-optic system on IC microchips, photodetector elements with 
amplifier circuitry, and then- integration and use in DNA biosensor applications are 
discussed. The use of IC technology could lead to tiie development of exto-emely 
30 low-cost diagnostic biochips for medical applications. Measurements using tiie HIVl 
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sequence-specific probes on the biochip device illustrate the application of the DNA 
biochip to the detection of a gene segment of the AIDS virus. 

5.25.1 Development of the Integrated Circuit of the Photodiode 
5 Array Microchip 

The biochip investigated in this example includes a large-area, 4x4 n-well 
integrated ampiifier-photodiode array that has been designed as a single, custom 
integrated circuit (IC), fabricated for the biochip. This IC device is coupled to the 
multiarray sampling platform and is designed for monitoring very low light levels. 

10 The individual photodiodes have 900-jim square size and are arrayed on a l-mm 
spacing grid. The photodiodes and the accompanying electronic circuitry were 
fabricated using a standard 1.2-micron n-well CMOS process. The use of this type of 
standard process allows the production of photodiodes and phototransistors as well as 
other numerous types of analog and digital circuitry in a single IC chip. The 

15 photodiodes themselves are produced xising the n-well structure that is generally used 
to make resistors or as the body material for transistors. Since the anode of the diode 
is the p-type substrate material, which is common to every circuit on the IC chip, only 
the cathode is available for monitoring the photocurrent and the photodiode is 
constrained to operate with a reverse bias. 

20 An analog multiplexer is designed to allow any of the elements in the array to 

be connected to an amplifier. In the final device, each photodiode could be supplied 
with its own amplifier. The multiplexer is made from 16 cells. Each cell has two 
CMOS svvitches that are controlled by the output of the address decoder cell. Each 
cell has a unique 4-bit address. One switch is open only when it is being addressed 

25 while the other switches are closed. This process connects the addressed diode to one 
amplifier while all the others are connected in parallel to tiie other amplifier. 

This arrangement allows coimecting a 4 x 4 array of light sources (different 
fluorescent probes, for example) to the photodiode array and reading out the signal 
levels sequentially. With some modification, a parallel reading system can be 

30 designed. Using, a single photodiode detector would require mechanical motion to 



^^''^^'^ PCr/US9a«5294 

-70- 

scan the source anay. The additional switches and amplifier serve to coirectly bias 
and capture the charge generated by the other photodiodes. The additional amplifier 
and switches aUow the IC to be used as a single, large area (nearly 4 mm square) 
photodetector. 



5.25.2 Appucation of the Biochip to HIV Gene Fragment Detection 

The inventors performed measurements using the biochip device with 4 x 4 
photodiode anay for detection of the HIVl gene. The signals from the photodiode 
microchip were directly recorded without the need of any electronic interface system 
or signal amplification device. The photocurrcnt of each sensing of the microchip was 
transmitted directly into a digital photometer or a strip chart recorder. The data fix)m 
the photometer were linked to a personal computer (PC) via an RS-232 link. The 
sampling platform of the biochip contained a 4 x 4 array of microspots of NIR-labeled 
DNA on a nitrocellulose manbrane. 

The mvi gene probe is the 18-base oligonucleotide sequence complementary 
to the gag gene region. For this study, the inventors bound cDNA of specific 
sequences of the HIVl virus onto the nitrocellulose membrane and hybridized them 
with Cy5 dye-labeled DNA strands having complementary sequences. The HFVl 
measurements on the nitiocellulose was performed by spotting the HIVl probe DNA 
in a 4 X 4 array onto the nitrocellulose sampling platform. The DNA was then 
crosslinked to the nitiroceUulose using either a UV crosslinker or baked in vacuum at 
80 degrees C for two h. With nitrocellulose membranes, the DNA solutions were 
spotted directly onto the membranes. The spots were subsequentiy subjected to either 
UV crossKnking using a Stratalinker (Stratagene. La JoUa, CA) or wer^ baked in 
vacuum at SCC for two h. The first step in membrane hybridization involved 
immobilization of single-stranded target nucleic acids to the selected surface of the 
probe. The probes were then treated with hybridization buffer to block nonspecific 
nucleic acid binding sites. The probe was introduced to samples containing labeled 
probe DNA and allowed to hybridize by reestablishing a double-stranded molecule 
with the complementary target sequences. After hybridization, excess unbound 
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labeled probe was washed oflF, and the hybrid target sequences detected. In this work, 
the nitrocellulose membranes were prehybridized for one h at 37°C in 5 mL of 6X 
SSC (IX SSC=15 mM Sodium citrate, 150 mM sodium chloride pH 7.0) containing 
1% BSA, 0.2% SDS (sodium dodecyl sulfate). After pre-hybridization, the 
5 hybridization probe was added to a final concentration of 100 ng/ml and 
hybridizations performed. After hybridization the membranes were washed in 5X 
SSC containing 0.1% SDS at room temperature for 10-15 min to reduce the 
background fluorescence levels. 

Hybridization occurs between complementary DNA sequences was 

10 demonstrated by the fluorescence signals detected by the biochip. Only fluorescence 
signals were detected on the biochip channels where hybridization of labeled DNA 
HTVl gene probes with complementary bound-DNA firagments had occurred. The 
4x4 array signals of the 3-dimensional plot demonstrated positive hybridization \sdth 
the HIVl probes used in this study. A reference system of negative blank samples 

15 (consisting of DNA probes which did not have the sequence of the HTVl gene) did 
not show fluorescent signals. This result illustrates the usefiilness of the DNA biochip 
for detection of the HTV gene probe, 

5.26 Example 26 - Development of a DNA Biochip 

20 5.26.1 Preparation OF Oligonucleotides 

The inventors synthesized desired strands of oligonucleotides and labeled 
them with fluorescent labels (e.g., fluorescein and Cy5 dyes) using procedures 
previously described (Vo-Dinh etal, 1994; Isola c/a/., 1998). All oligonucleotides 
were synthesized using an Expedite 8909 DNA synthesizer (Millipore, Bedford, MA). 

25 Fluorescein-labeled oligonucleotides were prepared with fluorescein CPG columns 
(for y labeling) or fluorescein phosphoramidite (for 5' labeling) using modified 
synthesis protocols as recommended by the manufacturers. Oligonucleotides with 
amino linkers were synthesized using either C3 aminolink CPG for 3' labeling or 5' 
ammo modifier C6 (Glenn Research, Sterling, VA) for Y labeling. All 

30 oligonucleotides were synthesized using Expedite reagents (Millipore) and were 
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deprotected and cleaved from the glass supports using ammonium hydroxide. The 
deprotected oligonucleotides were concentrated by evaporating the ammonium 
hydroxide in a Speedvac evaporator (Savant Instruments, Farmingdale, NY) and 
resuspended in 100^1 distilled HjO. Further purification was performed by 
isopropanol precipitation of the DNA as follows: 10 ^1 of 3 M sodium acetate pH 7.0 
and 1 10 ill isopropanol was added to 100 ill solution of DNA. The solution was then 
frozen at -70**C. Sodium acetate was used instead of ammonium acetate since the 
residual ammonium ions interfere with Cy5 linkage as well as with binding of DNA 
to solid supports through the amino linkers. The precipitate was collected by 
centrifiigation at room temperature for 15 min and was washed three times with 50% 
isopropanol. Residual isopropanol was removed by vacuum drying in the Speedvat 
and the DNA resuspended in sterile distilled water at a final concentration of 10 ^g 
IaI''. These stock solutions were diluted in the appropriate buffer at a 1 :10 dilution to 
give a DNA concentration of 1 \ig ^1"'. 

For labeling DNA with Cy5 dye (Amersham Life Sciences, Arlington 
Heights, IL), modified oligonucleotides containing alkyl amino groups were 
derivatized as follows (Vo-Dinh etal., 1994) 30 pmol of the DNA was dissolved in 
250 III 0.5 M sodium chloride and passed through a Sephadex GIO (1 cm diameter, 
10 cm long) (Pharmacia, Piscataway, NJ) column equilibrated with 5 mM borate 
buffer (pH 8.0). The void volume containing the oligonucleotide was collected and 
concentrated by evaporation. TTiis was dissolved in 100 nl 0.1 M carbonate buffer 
(pH 9.0). Cy5 (1 mg in carbonate buffer) was added to the oligonucleotide and the 
conjugation reaction was performed at room temperature for 60 min with occasional 
mixing. The conji^ated oligonucleotide was separated &om the fi:ee dye using a 
Sq)hadex GIO colunm as described above. TTie fiactions containing the labeled DNA 
were collected and concentrated using a Speedvac evaporator. 
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5.26*2 Results 

5.262A Development of Biochip Integrated Circuits 

An important element in the development of the biochip involves the design 
and development of an IC electro-optic system for the microchip detection elements 
5 using the CMOS technology. With this technology, highly integrated biosensors are 
made possible partly through the capability of fabricating multiple optical sensing 
elements and microelectronics on a single IC. A two-dimensional array of optical 
detector amplifiers was integrated on a single IC chip. Such an integrated microchip 
system is not currently available conmiercially. 

10 Two exemplary biochip IC systems based on photodiode circuitry were 

constructed, one system having 16 channels (4x4 array), and the other having 100 
channels (10 X 10 array). The biochips include a large-area, n-well integrated 
amplifier-photodiode array that has been designed as a single, custom integrated 
circuit (IC), fabricated for the biochip. This IC device is coupled to the multiarray 

15 sampling platform and is designed for monitoring very low light levels. The 
individual photodiodes have 900 ^m square size and are arrayed on a 1 nun spacing 
grid. The photodiodes and the accompanying electronic circuitry were fabricated 
using a standard I2\i n-well CMOS process. The use of this type of standard process 
allows the production of photodiodes and phototransistors as well as other numerous 

20 types of analog and digital circuitry in a single IC chip. This feature is the main 
advantage of the CMOS technology in comparison to other detector technologies such 
as charge-coupled devices or charge-injection devices. The photodiodes themselves 
are produced using the /i-well structure that is generally used to make resistors or as 
the body material for transistors. Since the anode of the diode is the p-type substrate 

25 material, viiich is common to every circuit on the IC chip, only the cathode is 
available for monitoring the photocurrent and the photodiode is constrained to operate 
with a reverse bias. 

An analog multiplexer was designed that allows any of the elements in the 
array to be connected to an amplifier. In the final device, each photodiode could be 
30 supplied with its own amplifier. The multiplexer is made fi^om 16 cells for the 4 x 4 
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array device. Each cell has two CMOS switches that are controlled by the output of 
the address decoder cell. Each cell has a unique 4-bit address. One switch is open 
only when it is being addressed while the other switches are closed. This process 
connects the addressed diode to one amplifier while all the othere are connected in 
parallel to the other amplifier. 

This arrangement allows coimecting a 4 x 4 (or 10 x 10) array of light sources 
(different fluorescent probes, for example) to the photodiode array and reading out the 
signal levels sequentiaUy. With some modification, a parallel reading system can be 
designed. Using a single photodiode detector would require mechanical motion to 
scan the source array. The additional switches and amplifier serve to correctiy bias 
and capture the charge generated by the other photodiodes. The additional ampUfier 
and switches aUow the IC to be used as a single, large area (nearly 4 mm square) 
photodetector. 

5.263 Illustrative Applications Involving Biochip Devices 

The human immunodeficiency virus (HIV) gag gene sequence was selected as 
a model template to evaluate the biochip sensing system. Infection with the human 
immunodeficiency virus Type 1 (HIV 1) results in a uniformly fatal disease. 
Unfortunately standard HIV serologic tests, including the enzyme-linked 
immunosorbent assay and the Western blot assay, are not usefiil in the diagnosis of 
HIV infection during early infancy because of the confounding presence of 
transplacentally derived maternal antibody in the infants blood. There is a need for a 
direct nucleic acid based test which detects the presence of HIV viral sequences. The 
inventors have utilized synthetic DNA templates (Isola et al, 1998) from the gag gene 
region of mv 1 as a model system to iUustrate the application of the biochip system 
for HIV gene detectioa 

The biochip device with 4x4 photodiode array was evaluated for the 
detection of HIV 1 gene fi:agments. The signals fiom the photodiode microchip were 
directly recorded without the need of any electronic interface system or signal 
anqjlification device. The photocurrent of each sensing of the microchip was 
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transmitted directly into a digital photometer or a strip chart recorder. The data from 
the photometer were linked to a personal computer (PC) via an RS-232 link. The 
sampling platform of the biochip contained a 4 x 4 array of microspots of NIR-labeled 
DNA on a nitrocellulose membrane. 
5 To illustrate the usefulness of the biochip in hybridization applications, an 

18-base oligonucleotide sequence complementary to the gag gene was used region-of 
the HIV 1 gene (Isola etal, 1998). The inventors used various probe sequences 
selected in this region to design DNA probes for hybridization and detection using a 
novel technique based on surface-enhanced Raman scattering (Isola et al^ 1998), For 

10 this study, the inventors have bound cDNA of specific sequences of the HIV 1 virus 
onto the nitrocelltilose membrane used as the sampling platform, and hybridized them 
with Cy5 dye-labeled DNA strands having complementary sequences. The HTV 1 
measurements on the nitrocellulose was performed by binding the HTV 1 probe DNA 
in a 4x4 array onto the nitrocellulose sampling platform. The DNA was then 

15 crosslinked to the nitrocellulose using either a UV crosslinker or baked in vacuum at 
80°C for 2 h. The spots were subsequently subjected to either UV crosslinking using 
a Stratalinker (Stratagene, La JoUa, CA) or were baked in vacuum at 80**C for 2 h. 
The first step in membrane hybridization involved immobilization of single-stranded 
target nucleic acids to the selected surface of the probe. The probes were then treated 

20 with hybridization buffer to block nonspecific nucleic acid binding sites. The probe 
was introduced to samples containing labeled probe DNA and allowed to hybridize by 
reestablishing a double-stranded molecule with the complementary target sequences. 
After hybridization, excess unbound labeled probe was washed off, and the hybrid 
target sequences detected. In this woric, the nitrocellulose membranes were 

25 prehybridized for 1 h at 3TC in 5 ml of 6 x SSC (IX SSC = 15 mM sodium titrate, 
150 mM sodium chloride pH 7,0) containing 1% BSA, 0.2% SDS (sodium dodecyl 
sulfate). After pre-hybridization, the hybridization probe was added to a final 
concentration of 100 ng ml"' and hybridizations performed. Following hybridization 
under appropriate conditions, the membranes were washed in 5X SSC containing 
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0.1% SDS at room temperature for 10-15 min to reduce the background fluorescence 
levels. 

Hybridi2alion occurs between complementary DNA sequences was 
demonstrated by the fluorescence signals detected by Ae biochip. Data showed that 
fluorescence signals higher than the background were detected on the biochip 
channels where hybridization of labeled DNA HIV 1 gene probes with 
complementary bound-DNA fragments had occurred (FIG. 33). The 4 x 4 array 
signals of the 3-dimensional plot demonstrated positive hybridization with the HIV 1 
probes used in this study. A reference system of negative blank samples (consisting 
of DNA probes which did not have the sequence of the HIV 1 gene) showed only 
weak background fluorescent signals. This result is an illustration the usefidness of 
the DNA biochip for detection of a specific HTV gene sequence. Detection of the HFV 
virus itself may also require simultaneous detection of multiple gene sequence regions 
of the virus. It has been observed that progression of the AIDS disease causes 
increase in the genotype diversity in HIV viruses. It has been reported that the fflV 
viruses appear to defeat the immune system by producing and accumulating these 
gene mutations as the disease progresses (Wolinsdy and Korber, 1996). In addition to 
die exanplaiy sequences used in this example, oAer sequence fragments of the fflV 
viruses could be used to detect particular genes or regions of the HIV genome. 

Likewise, the polynucleotide probes used for hybridization applications of the 
biochip apparatus need not be necessarily DNA probes, nor do the particular 
polynucleotide targets to be detected need necessarily be DNA molecules. Because 
DNA:DNA, DNAiRNA, DNArPNA. RNA:RNA, RNArPNA, and PNArPNA 
duplexes may be formed under the appropriate hybridization conditions and 
depending upon the degree of homology of the two strands, the inventors contemplate 
that a variety of hybridization biochips may be designed which will utilize cither 
RNAs, DNAs, or PNAs in the detection of other homologous polynucleotide 
molecules. The preparation, synthesis, and use of ribo2ymes, RNAs, and PNAs as 
polynucleotide probes is described herein in Section 4. 
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As discussed, it is not necessary that bioprobes may be employed that are 
limited only to nucleic acids. Clearly there are numerous probes that could be 
considered for immobUization on the disclosed biochip. For example, Erdeniz et ai 
(1997) report cloning-free PGR™ based allele replacement methods. Allele transfer 
5 between yeast strains is described in which the desired allele is amplified by PGR™ 
with a pair of adaptamers. Adaptamers are chimeric oligonucleotides that used to 
amplify the selected allele and differentially tag its 5' and 3' ends. Such adaptamers 
depending upon the desired amplification, could be attached to the biochip and 
employed to track the amplification reaction. 

10 Molecular imprinting is a technique used for creating selective recognition 

sites in synthetic polymers. A template molecule used in polymerization reactions of 
selected monomers. Many polymers obtained by this method show stereo and regio- 
specific selectivity, thus, enabling chiral separation of bioactive molecules, Mosbach 
(1994). It is contemplated that selected imprinted polymers could be designed to 

15 include one or more detectable labels that optionally may change their emission signal 
i^n binding of a cognate molecule. 

Gyclodextrins are well known for their utility in delivery of certain drugs 
particularly peptide and protein drugs. Hie cyclodextrins are also known for their 
ability to incorporate numerous types of compounds as guest molecules. Modified 

20 cyclodextrins such as those obtained by polymerization of ethylene oxide around a 
core of cyclodextrin have been employed as dmg delivery systems. Polyethylene 
oxide modified cyclodextrins have been described by Topchieva et al (1998) as a new 
family of bouquet-like molecules with properties similar to the course cyclodextrins. 
Appropriately tagged cyclodextrins or modified cyclodextrins are also contemplated 

25 as having utility as bioprobes useful in connection with the disclosed biochip. 

Lipiphilic polyamide dendrimers comprise another class of synunetrical 
macromolecules that are though to be potential drug carriers, Sakthivel ei al (1998). 
Because of their lipifilic properties, they have been investigated as gene transfer 
agents* Qin et al. (1998) have reported the use of Starburst dendrimers to increase 

30 plasmid-mediated gene transfer and efficiency. Polyamidoamine subimits assembled 
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into Starburst dendrimers were used to augment plasmid-mediated gene transfer. 
Starburst dendrimers therefore may be useful in monitoring efficiency of gene transfer 
in vivo monitoring prolongation of allograft survival or other events in vivo where the 
detection of labeled tracers in biological fluids might be desirable. In addition to 
Staiburst dendrimers, radio labeled dendrimers have been described which are 
macromolecular T2 contrast agents. Tagged dendrimers could be detected by 
choosing the appropriate bioprobe on the chip to pick up these agents and presence 
detected by measuring radioactivity. Bulte, et al (1998) have described Dysprosium- 
DOTA-PAMAM dendrimers which illustrate a particular example of AT2 contrast 
agent Additional probes include biotentilated Staiburst dendrimers might be used in 
antibody pretargeting as described by Wilbur et al. (1998). 

Moreover, m addition to the illustrative embodiments described herein, the 
inventors contemplate the use of the biochip devices in the detection, quantitation, or 
identification of a variety of organisms and macromolecules of biological or medical 
interest For example, the chips may be used to detect or quantitate or identify 
pathogens of medical interest Such pathogens may be vkal (such as EBV, HIV, FIV, 
parvoviruses, retroviruses, and flie like), rickettsial, fungal (including organisms such 
as Candida and other yeast genera, dermatomycotic fungi (including Epidermophyton 
spp., Microsporum spp., and Trichophyton spp., and the like), systemic fimgi 
(mcluding Blastomyces, Histoplasma, Coccidioides, Cryptococcus, Geotrichum, 
Histoplasma. Sporotrichum, and the like); bacterial (such as Mycobacteria including 
Mycobacterium tuberculosis. Vibrio including V. cholerae; Salmonella, including S. 
Choleraesius. S. paratyphi. S. schottmidleri, and S. typhimurium; Treponema, 
including T. pallidum; Shigella, including 5. dysenteriae and S Jlexneri, Serratia, 
including S. marcescens; Yersinia, including Y. pestis and K pseudotuberculosis; 
Proteus, including P. mirabilis, Morganella, includmg M. morganii; Streptococcus, 
including S. faecalis, S. pneumoniae, S. salivarius, S. pyogenes, and 5. sanguis; 
Staphylococcus, including S. aureus; Bacillus, mcludmg B. anthracis, B. coagulans, 
B. pasteurii, B. cereus and B. subtilis, or other disease-causmg bacteria including 
those of the genera Leptospira, Clostridium, Neisseria, Brucella, Frarunsella^ 
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Hemophilus, Corynebacterktm, and the like); or eukaryotic micFOorganisms such as 
Giardia, including G. lamblia and G. intestinalis; C/i/amyJ/a. including C psittaci and 
C. trachomatis^ and the like. 

Alternatively, the detection of particular genes, such as the p53 cancer gene 
5 (V o-Dinh et al , 1 998), could also be performed using a single biochip or a plurality of 
individual biochips. 

Another area of application of biochip technology is in functional genomics 
analysis. Provided that a reasonable degree of base complementarity exists, two 
nucleic acid strands from different sources (DNA and RNA) will undergo molecular 

10 hybridization under the proper conditions. This feature allows the biochip technology 
to be used also in the analysis of gene expression and function. Furthermore, the 
biochip can be also used to monitor the extent of genetic variation between 
individuals and their susceptibility to diseases. 

The DNA biochip system offers a unique combination of performance 

IS capabilities and analytical features of merit not available in any other DNA analysis 
system currently available, ^^th its multichannel capability, the DNA biochip 
technology described herein is the first system described to date based on an optical 
sensing microchip system having integrated an signal amplifier and data treatment on- 
board. The DNA biochip device allows simiiltaneous detection of multiple DNA 

20 targets simultaneously. The present DNA biochip offers several advantages in size, 
performance, fabrication, analysis and production cost due to its integrated optical 
sensing microchip. The small sizes of the probes (microliter to nanoliter) minimize 
sample requirement and reduce reagent and waste requirement Highly integrated 
systems lead to a reduction in noise and an increase in signal due to the improved 

25 efficiency of sample collection and the reduction of interfaces. TTie capability of 
large-scale production using low-cost IC technology is an important advantage. The 
assembly process of various components is simplified by integration of several 
elements on a single chip. For medical applications, this cost advantage will allow the 
development of extremely low cost, disposable biochips that can be used for in-home 
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medical diagnostics of diseases without the need of sending samples to a laboratory 
for analysis. 



5.27 Example 27 ~ DNA Biochips Using a Phototransistor 
IC 

Recently, there is an increasing interest in the development of DNA 
bioreceptor-based analytical systems (Vo-Dinh et al, 1994; Isola et aJ., 1996; Schena 
et al., 1995; Piunno et al., 1995; Kumar et al., 1994; Eggere et al., 1994). An 
important area in biological monitoring is the sensitive diagnosis of diseases, 
biological species or living systems (bacteria, virus or related components) at 
ultratrace levels in biological samples (e.g., tissues, blood and other bodily fluids) and 
environmental samples (e.g., ak, soil and water samples). To detect a compound in a 
"real life" sample, a biosensor must be able to recognize and differentiate various 
biochemical constituents of these systems in order to provide unambiguous 
identification and accurate quantification. Living systems possess exquisite 
recognition elements (e.g., antibody, enzyme, gene probes, etc.), often refen«i to as 
bioreceptors, which allow specific identification and detection of complex chemical 
and biological species 

This example describes a biosensor based on integrated circuit (IC) microchips 
using DNA bioreceptors designed to detect genetic constituents in complex samples 
of biomedical and environmental interest. In this system, phototransistors were used 
which are devices that can be miniaturized and fabricated on an integrated circuit A 
phototransistor was developed that was composed of 220 phototransistor cells 
connected in paraUel. This miniaturization technology is useful not only for the DNA 
probe substrates described here, but also for the mtegrated detector system that could 
be employed to produce microchip biosensor devices, ie., "biosensor-on-a-chip". The 
device has sensors, amplifiers, discriminators and logic circuitry on board. These 
highly integrated biosensors were produced using the capability of febricating 
multiple optical sensing elements and microelectronics on a single IC. 
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Biosensors combine two important concepts that integrate "biological 
recognition" and "sensing". The basic principle of an optical biosensor is to detect 
this molecular recognition and to transform it into an optical signal using a transducer. 
As illustrated schematically in FIG. 1, the DNA biochip involves the combination of 
5 integrated circuit elements, electro-optics excitation/detection system, and DNA- 
based bioreceptor probes into a self-contained and integrated microdevice. A basic 
DNA biochip includes: 1) excitation light source with related optics, 2) a bioprobe, 3) 
a samphng element with sample platform and delivery system, 4) an optical detector 
with associated optics and dispersive device, and 5) a signal amplification/treatment 
10 systeriL 

Construction of a DNA biochip involves integration of several basic elements 
of very different natures. The basic steps include: a) selection or development of the 
bioreceptor, b) selection of the excitation source, c) selection or development of the 
transducer, and d) integration of the excitation source-bioreceptor-transducer system, 

15 The development of the DNA biochip in this example comprises three major 

elements. The first element involves the development of a bioreceptor probe system: 
a microarray of DNA probes on nitrocellulose sampling platform. The second 
element is focused on the development of non-radioactive methods for optical 
detection: the fluorescence technique. The third element involves the development of 

20 an integrated electro-optic IC system on a single chip for biosensing: phototransistor- 
amplifier microchip technology. 

The design of the gene probe immobilization techniques on the biosensor 
substrates as well as the development of integrated electro-optic systems on IC 
biochips using a phototransistor multiarray system was demonstrated. Measurements 

25 of fluorescent-labeled DNA probes and hybridization studies witii a HIVl sequence- 
specific probe on the nitrocellulose sampling platform system illustrate the analytical 
figures of merit of this exemplary biochip device. 
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5.27.1 Experimental AND Materials 
5.27.1.1 Development OF Oligonucleotides 

Strands of oligonucleotides were synthesized and labeled with fluorescent 
labels {eg., fluorescein and Cy5 dyes). Oligonucleotides were synthesized using an 
5 Expedite 8909 DNA synthesizer (Millipore, Bedford, MA). Fluorescein-labeled 
oligonucleotides were prepared with fluorescein CPG colunms (for 3' labeling) or 
fluorescein phosphoramidite (for 5' labeling) using modified synthesis protocols as 
reconunended by the manufacturers. Oligonucleotides with amino linkers were 
synthesized using either aminolink CPG for 3' labeling or 5' amino modifier Q 

1 0 (Glenn Research, Sterling, VA) for 5' labeling. All oligonucleotides were synthesized 
using Expedite reagents (Millipore) and were deprotected and cleaved from the glass 
supports using ammonium hydroxide. The deprotected oligonucleotides were 
concentrated by evaporating the ammonium hydroxide in a Speedvac evaporator 
(Savant, Farmington, NY) and resuspended in 100 fxL distilled H2O. Further 

15 purification was performed by isopropanol precipitation of the DNA as follows: 
10 jiL of 3 M sodium acetate pH 7.0 and 1 10 ^L isopropanol was added to 100 ^L 
solution of DNA. The solution was then fix)zen at -70°C. Sodium acetate was used 
instead of ammonium acetate since the residual ammonium ions interfere with Cy3 
and Cy5 linkage as weU as with binding of DNA to solid supports through the amino 
20 linkers. The precipitate was collected by centriliigation at room temperature for 15 
min and was washed 3 times with 50% isopropanol. Residual isopropanol was 
removed by vacuum drying in the Speedvac and the DNA resuspended in sterile 
distiUed water at a final concentration of lOjig/jiL. These stock solutions were 
diluted in the appropriate buffer at a 1:10 dilution to give a DNA concentration of 

25 1 ^g/^L. 

For labeling DNA with Cy5 dye (Amersham Life Sciences, Arlington Heights, 
IL), modified oligonucleotides containing alkyl amino groups were derivatized as 
foUows: 30 pmoles of the DNA was dissolved in 250 ^L 0.5 M sodium chloride and 
passed through a Sephadex GIO (1 cm diameter, 10 cm long) (Phannacia, Piscataway, 
NJ) column equUibrated with 5mM borate buffer (pH = 8.0). The void volume 



30 
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containing the oligonucleotide was collected and concentrated by evaporation. This 
was dissolved in 100 jiL 0,1 M carbonate buffer (pH = 9.0), Cy5 (1 mg in carbonate 
buffer) was added to the oligonucleotide and the conjugation reaction was performed 
at room temperature for 60 min with occasional mixing. The conjugated 
5 oligonucleotide was separated from the free dye using a Sephadex GIO column as 
described above. The fractions containing the labeled DNA were collected and 
concentrated using a Speedvac evaporator. 

5.27.1^ Immobilization of DNA Probes and the Sampling Substrates 

10 Biologically active DNA probes can be directly or indirectly immobilized onto 

a transducer detection surface to ensure optimal contact and maximum detection. 
When inunobilized onto a substrate, the gene probes are stabilized and, therefore, can 
be reused repetitively. In one procedure, hybridization is performed on an 
inunobilized target or a probe molecule attached on a solid surface such as 

15 nitrocellulose, or a nylon membrane, or a glass plate. Several methods can be 
employed to bind DNA to dififerent supports. One methcki conunonly used for 
binding DNA to glass involves silanization of the glass surface followed by activation 
with carbodiimide or glutaraldehyde. 

Another approach consists of immobilizing the gene probe onto a membrane 

20 and subsequently attaching the membrane to the transducer detection surface. This 
approach has the advantage of avoiding a need to binding the bioreceptor onto the 
transducer. Several types of membranes are available for DNA binding: 
nitrocellulose, charge-modified nylon, etc. The gene probe was bound to the 
membrane using ultraviolet activation. With nitrocellulose membranes, the DNA 

25 solutions were spotted directly onto the membranes. The spots were subsequently 
subjected to either UV crosslinking using a Stratalinker (Stratagene, La Jolla, CA) or 
were baked in vacuum at 80°C for two hours. 
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5^7.1.3 Hybridization on Nitrocellulose-Based Sampling Platform 

The first step in membrane hybridization involved immobilization of single- 
stranded DNA (ss-DNA) onto the selected surface of the sensor probe {e.g., 
membrane or surfece). The probes were then treated with hybridization buffer to 
block nonspecific nucleic acid binding sites. Samples containing fluorescent-leOieled 
DNA were delivered to the sensor probe and allowed to hybridize by reestablishing a 
double-stranded molecule with the complementary target sequences. After 
hybridization, excess unbound labeled DNA was washed off, and the hybrid target 
sequences detected. In this work, the nitrocellulose membranes were pre-hybridized 
for one hour at 37°C in 5 mL of 6X SSC (IX SSC = 15 mM Sodium citrate, 150 mM 
sodium chloride pH 7.0) containing 1% BSA and 0.2% SDS (sodium dodecyl sulfate). 
After pre-hybridization, the hybridization probe was added to a final concentration of 
100 ng/ml and hybridizations performed for 16 h. After hybridization the membranes 
were washed in 5X SSC containmg 0.1% SDS at room temperature for 10-15 min and 
at higher temperatures if necessary to reduce the background fluorescence levels. 

5.27.1.4 Instrumentation System of the Microarray Probes 

In addition to the mtegraled phototransistor IC device described in this 
example, an instrumental system was developed to evaluate the performance of the 
gene probes. A two-dimensional multiarray detection system using a charge-coupled 
device (CCD) was used with the initial system. The CCD experimental set-up 
consisted of a laser source, optical filters, lenses, the multiprobe waveguide and the 
CCD detector. For this evaluation, several lasers were used: a kiypton ion laser 
(647.1 ran) was used for the Cy5 dye-labeled DNA probe, and an zxgon ion laser with 
the 514.mn line was used for a visible fluorescem-labeled DNA probe. The laser 
beam was focused into a 600nm diameter fiber and transmitted to the sample 
substrate. The laser radiation was passed through a laser bandpass filter to remove 
unwanted laser lines or background fluorescence emission from the optical fiber. The 
fluorescence was passed through a Raman holographic filter to remove any remaining 
laser light, and was focused with a 1:2 50-nMn lens and 2x macro focusing 
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teleconverter onto the surface of a CCD detector, A 514,5-nm Raman holographic 
filter (Kaiser) was used to pass the fluorescence and block the laser light for 
fluorescence measurements, A 670-nm longpass filter was used to block laser 
excitation and pass the Cy5 fluorescence. Several CCD systems were evaluated 
5 including those firom: Photometries, Ltd, (e.g.. Model PM-512) (Tucson, AZ), 
Princeton Instrument, {e.g,. Model RE-ICCD) (Princeton, NJ) and Santa Barbara 
Instruments Group (e.g., Model ST-6) (Santa Barbara, CA), 

527.2 Results 

1 0 5212 A Development and Evaluation of DN A Micro arrays 

Extensive measurements were performed to evaluate the process of developing 
microarrays of DNA probes. A nitrocellulose membrane was used as the substrate for 
its ease in handling and its efficiency to bind DNA. Multiarrays of sample spots were 
produced using the device illustrated in FIG. 31. Liquid solutions of ss-DNA 

15 sequences were dispensed onto the nitrocellulose (Zeta Probe®, Bio Had, Hercules, 
CA) using a pV 830 pneumatic Picopimip™ (World Precision Instruments, Sarasota, 
FL). The Picopump™ was capable of producing regular microspots with diameter 
size range of 500-800 jmi, v^ch can be selected to match the size of detector 
elements. The DNA sample was loaded into a small diameter glass capillary, which 

20 was held a few mm above the cellulose membrane. The membrane was held in place 
on a vacuum flask fitted with a metal mesh frit The vacuum procedure served two 
important purposes. First, the vacuum ^plied to the membrane improves the 
reproducibility of the spotting by maintaining the membrane flat against the metal 
mesh sinface. The vacuum procedure also had a shortening effect on the sample 

25 drying process, ^^ch decreased the sample spot size by preventing the spread of 
sample though the membrane. 

The Photometries CCD (model CH 210) detection system was used to evaluate 
the DNA sample arrays since this system provides a 2-dimensional im£^e of the probe 
array (Picard and Vo-Dinh, 1991). The results showed the image obtamed using the 

30 CCD system of fluorescein-labeled DNA samples designed as a 4 x 4 array onto the 
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nitrocellulose membrane.. The sample was illuminated with the 514.5-nm Ime of the 
argon laser. A Kaiser 514.5-nm holographic filter was used to block the laser 
excitation from the CCD. The results illustrated the efficiency of the Picopump™ 
spotting system developed to produce DNA arrays on the nitrocellulose sampling 
5 platform. The diameter of the sample spot can be regulated by varying the sampling 
volumes, and can be reproduced with 5-10 % relative standard deviation. The amount 
of sample can be estimated by the intensity of the spot. For example, one spot on the 
array (location 1:3) indicated a higher amount of fluorescent materials than all the 
other sample spot arrays. 

10 The process of gene probe sensing using both visible and NIR (700-1000 nm 

spectral range) fluorescent dye labels was also evaluated. Excitation and detection in 
the NIR range present certain difficulties but also offer several advantages. 
Measurements in the NIR are less interfered by background fluorescence of the 
nitrocellulose substrate smce very few species with NIR emission occur. An 

15 important advantage associated with NIR measurements is the availability of low- 
cost, miniaturized diode lasers which usually have emission lines in the led and NIR 
regions. The DNA probes were labeled with the Cy5 NIR dye following the 
procedure described above. The diode laser line of 780 nm at 9.5 mW was used for 
excitation. The calibration curve for the NIR dye-labeled single-stranded DNA over a 

20 concentration range from 1 pmol/fxL to 3 fmol/fiL, Excitation light was provided by a 
pen-size 9.5-mW laser diode (780 nm) and measurement times ranged from 1 to 3 
min. This calibration curve wias linear over the full range of the dye concentration 
investigated. The limit of optical detection, based on a signal equal to three times the 
standard deviation of the noise, was estimated to be in the 100 attomole/jiL. 

25 Hybridization studies were conducted to demonstrate flie usefulness of the 

DNA array probes on the nitrocellulose sampling platform. The DNA probe's role is 
to identify the target compounds via molecular recogmtion. The operation of gene 
probes is based on the hybridization process. Hybridization involves the joining of a 
single strand of nucleic acid with a homologous complementary probe sequence. 

30 Hybridization of a nucleic acid probe to DNA biotargets (e.g., gene sequences. 
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bacteria, viral DNA) offers a very high degree of accuracy for identifying DNA 
sequences complementary to that of the probe. Nucleic acids strands tend to be paired 
to their complements in the corresponding double-stranded structure. Therefore, a 
single-stranded DNA molecule will seek out its complement in a complex mixture of 
5 DNA containing large numbers of other nucleic acid molecules. Hence, nucleic acid 
probe (ie, gene probe) detection methods are very specific to DNA sequences. 
cDNAs of specific sequences of the HTVl virus were bound onto the nitrocellulose 
membrane and hybridized them with Cy5-labeled DNA strands having 
complementary sequences. The HIVl measurements on the nitrocellulose was 

10 performed by spotting the HTVl probe DNA onto the nitrocellulose. The HIVl gene 
probe is the 18-base oligonucleotide sequence complementary to the gag gene region 
(Clewley, 1989). Hybridization occurrence between complementary DNA sequences 
was demonstrated by positive detection of the fluorescence signals. The imaging 
system used the Photometries CCD. The data showed the fluorescence signal 

15 obtained with the CCD detector resulting from the hybridization of HIVl labeled gene 
probe with complementary DNA bound on the nitrocellulose membrane. Hie 3x3 
array signal of the 3 -dimensional plot demonstrated positive hybridization with the 
HTVl probe. A reference system consistmg of an array of control DNA probes, which 
do not have the sequence of the HTVl gene, did not exhibit fluorescent signals. This 

20 result illustrates the capability of the nitrocellulose membrane as the sampling 
platform for m-siiu hybridization studies on the DNA biochip. 

5272.2 Development AND Evaluation OF thIePhototransistor 
Integrated Circuit System 

25 An important element in the development of the biochip involves the design 

and development of an IC electro-optic system for the microchip detection elements 
using the phototransistor-amplifier technology. With this technology, highly 
integrated biosensors are made possible partiy through the capability of fabricating 
multiple optical sensing elements and microelectronics on a single IC. A two- 

30 dimensional array of optical detector-amplifiers was integrated on a single IC chip. 



10 
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Each optical detector was a phototransistor coupled to a transimpedence amplifier 
followed by an amplifier. This block was repeated several times on the IC chip and 
combined with other electronic elements such as filters and amplifiers, vMch were 
also integrated on the same IC. ITje operational amplifier used with the 
phototransistor is a two-stage, unbuffered amplifier. The circuit is very compact, 
occupying an area of only 1S5 {om x 200 jim. It was designed to be useful for wide- 
band amplification and low-level signals. The gain-bandwidth product is 70 MHz and 
the amphfier is stable for gains greater than 10. Other typical characteristics include: 
input offset voltage less than 5 mV, dc gain of 220, positive slew rate of 80 V/\is and 
negative slew rate of 9 V/^s. The circuit requires 2.5 mW from a single 5-V supply. 
This IC chip performed the complete conversion fix)m an optical signal to an electrical 
signal suitable for data digitization and cq)ture by a computer. 

The circuit was fabricated in a 2-|mi, /^•well complementary metal oxide 
semiconductor (CMOS) process and occupied an area of 160,000 square microns. 
15 Detector elements using single phototransistors are not sufficiently saisitive for trace 
detection. Therefore, the phototransistor was actually composed of 220 
phototransistor cells connected in parallel. An individual phototransistor cell 
occupied 760 square microns. The transimpedence amplifier had a gain of 100 kV/A. 
As the phototransistors were coiq>led with the 10-fold amplifier gam, the resulting 
20 gain was lO' V/A. The phototransistors had a conversion gain on the order of 
1 0 nA/jiW, so the entire chain had an approximate conversion gain of 1 0 V/^iW. The 
exact gain generally depends on the spectral region of interest and, to some extent, on 
the signal level being monitored. 

The above described elements may be modified to tailor the devices to specific 
25 ^plications. Since the phototransistor is made &om basic photocell elements, it can 
be connected to as many cells as needed to create the desired geometry or required 
number of channels to adapt the detector to a specific application. Similarly, the gain 
and bandwidth of the amplifiers can be adjusted using simple resistor or cz^acitor 
changes as the application requires. 



wo 99/27140 PCT/US98/25294 

-89- 

The microchips designed and fabricated were evaluated by measiiring the 
fluorescence signal of a fluorescein-labeled DNA sample spotted onto the membrane 
probe. FIG. 20 shows the performance of the integrated phototransistor and amplifier 
circuit (device No. ICI N551-CD2). The figure shows the signal output response for 
5 various concentration of the fluorescein-labeled DNA excited with the Argon ion 
laser. The results illustrate the linearity of the microchip detector with respect to the 
fluorescein-labeled DNA concentrations and demonstrate the possibility for 
quantitative analysis. 

1 0 5.27^3 Evaluation of the Biochip using Fluorescent-Labeled DNA 
Probes 

In this example the inventors developed and performed measurements using an 
amplifier-phototransistor (APT) device with 4x4 array of phototransistors. Whereas 
the CCD instrument was used to obtain an image of the microarray sample spots and 

15 to record a plot of the intensity, the signals from the APT microchip were directly 
recorded without the need of any electronic interface system or signal amplification 
device. The photocurrent of each sensing element of the APT microchip was 
transmitted directly into a digital photometer. The data from the photometer were 
linked to a personal computer (PC) via an RS-232 link. The samples consisted of an 

20 array of microspots of fluorescein-labeled DNA on a nitrocellulose membrane. In the 
study of the probe arrays on nitrocellulose membranes described in previous sections, 
the inventors used the CCD system to obtain a two-dimensional image of the 
fluorescence signals. Since the sensing elements of the phototransistor chip provide 
only a signal intensity and not a signal profile, the inventors devised a device to record 

25 the refuse of the phototransistor detection elements as the sample spots were passed 
over the sensing elements. In this study, a nitrocellulose membrane having a series of 
fluorescein-labeled DNA sample spots was placed on a glass slide connected to a 
linear translation stage. The measiuements were made while the translation stage 
moved the sample arrays over the stationary phototransistor device. The measurement 

30 system is schematically depicted in FIG. 1 8. Light from an argon ion laser at 488 nm 
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was transmitted via an optical fiber and focused onto a sample spot An q)propriatc 
optical filter placed between the sample substrate and the detector array was used to 
reject the laser radiation. The data showed four r^olved signals as the sample spots 
moved over an APT microchip channel (FIG. 19). Four sample spots of l-^iL of 
fluorescein-labeled DNA were placed on a nitrocellulose membrane, which was 
translated over a detection channel of an APT biochip. As the DNA spot passed over 
the photodetector, a fluorescence signal is detected. The four peaks in FIG. 19 
illustrates the detection of the four resolved DNA sample spots on the substrate by the 
APT biochip device. 
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Claims: 

1 . An integrated circuit comprising: 
5 (a) a detector capable of detecting an electromagnetic signal; 

(b) a source of electromagnetic radiation; 

(c) at least one sensing element operably associated with the integrated 
10 cu-cuit wherein said sensing element selectively combines with a target 

molecule; and 

(d) means for generating a signal. 



15 



25 



2. The integrated circuit of claim 1 wherein the signal is in the visible, 
ultraviolet, infrared, near-infrared, x-ray or radio&equency range. 



20 3. An integrated circuit that comprises: 

(a) a sampling element; 

(b) a signal amplification and processing system; 

(c) a molecular probe; and 

(d) a detector. 



30 
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4, The integrated circuit of claim 3 v^erein the molecular probe is a chemical 
receptor, a bioreceptor, a polymer, a biopolymer, a molecular imprint polymer 
or a biomimetic. 



5 



20 



5. The integrated circuit of claim 3, further comprising a light source. 



6. The integrated circuit of claim 5, wherein the light source provides light at 
10 frequencies in the visible, ultraviolet, infrared, near infr^d, x-ray or radio 

fi^uency range. 



7, The integrated circuit of claim 3, wherein tfie molecular probe comprises a 
15 nucleic acid. 



8, The integrated circuit of claim 3, wherein the molecular probe comprises an 
antibody. 



9. The integrated circuit of claim 3, wherein the molecular probe comprises an 
enzyme. 



25 

10, 



The integrated circuit of claim 3, wherein the molecular probe comprises a cell 
receptor. 
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1 1 . The integrated circuit of claim 3, wherein the molecular probe comprises a 
molecular imprint assay. 



5 12. The integrated circuit of claim 3, wherein the molecular probe comprises one 
or more cells. 



13. The integmted circuit of claim 3, viierein the molecular probe comprises a 
10 biomimetic probe. 



1 4- The integrated circuit of claim 3, wherein the detector is a photodiode. 

15 

15. The integrated circuit of claim 3, viierein the signal amplification and 
processing system comprises a microprocessor and an amplifia-.. 



20 16. The integrated circuit of claim 1, wherein the source of electromagnetic 
radiation is a light emitting diode. 



17, The integrated circuit of claim 1, \s4ia:ein the source of electromagnetic 
25 radiation is a laser. 



18. 



An integrated circuit that comprises: 
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(a) a plurality of sources of electromagnetic radiation having a first 
frequency; 

(b) a plurality of probes tagged with a label that responds to said 
electromagnetic radiation from said sources by emitting electromagnetic 
responses having a different frequency; and, 

(c) a plurality of detectors that detect said electromagnetic responses. 



10 



19, The integrated circuit of claim 18, wherein said sources of electromagnetic 
radiation are light emitting diodes. 



15 20. The integrated circuit of claim 18, vsiierein said soiirces of electromagnetic 
radiation are lasers. 



21. The integrated circuit of claim 18, v^erein said electromagnetic responses are 
20 detectable responses. 



25 



22, The integrated circuit of claim 18, wherein said electromagnetic responses are 
luminescence scattering. 



23. The integrated circxiit of claim 18, wherein said electromagnetic responses are 
infrared absorption. 



30 
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24. The integrated circuit of claim 18, wherein said electromagnetic responses are 
ultraviolet absorption. 



5 25. The integrated circuit of claim 18, wherein said probes are polynucleotide 
probes. 



26. The integrated circuit of claim 18, wherein said probes are polypeptide/ 
10 nucleic acid probes. 



27. The integrated circuit of claim 18, which includes one or more devices to 
direct electromagnetic radiation from said sources to said labels. 

15 

28. The integrated circuit of claim 24, wherein said detectors comprise an optical 
device, 

20 

29. The integrated circuit of claim 18, wherein said detectors comprise 
photodetectors. 



25 30. The integrated circuit of claim 29, wherein said photodetectors comprise 
photodiodes. 



31. 

30 



The integrated circuit of claim 29, wherein said photodetectors comprise 
phototransistors; 
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10 



32. The integrated circuit of claim 29, wherein said detectors further comprise one 
or more transimpedence amplifiers and low pass filters. 



33. The integrated circuit of claim 29, wherein said detectors fiirther comprise 
integrators. 



34, The integrated circuit of claim 18, further comprising a filter between said 
label and said detectors to filter said electromagnetic radiation. 



15 35. The integrated circuit of claim 34, wherein said filter comprises an optical 
filter. 



36. The integrated circuit of claim 1 8, further comprising a lens between said label 
20 and said detectors. 



37- A integrated circuit comprising: 

25 (a) a plurality of sources of light; 

(b) a plurality of materials that respond to said light firom said sources by 
emitting limiinous responses; 



30 



(c) means for directing said light through said material; and 
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(d) a plurality of detectors that detect said luminous responses. 

5 38. The integrated circuit of claim 37, wherein said source of light comprises a 
light emitting diode. 



39. The integrated circuit of claim 37, wherein said source of light comprises a 
10 laser. 



40, The integrated circuit of claim 37, wherein said materials comprise DNA 
probes. 

15 

41. The integrated circuit of claim 37, wherein said materials comprise antibody 
probes. 



20 

42. The integrated circuit of claim 37, wherein said materials comprise enzyme 
probes, 

25 43. The integrated circuit of claim 37, wherein said materials comprise bioreceptor 
probes. 



44, 

30 



The integrated circuit of claim 37, wherein said directing means comprises a 
mirror. 
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45. The integrated circuit of claim 37, wherein said detectors comprise 
photodetectors. 



46. The integrated circuit of claim 45, wherein said detectors comprise 
photodiodes. 



10 



47. The integrated circuit of claim 45, wherein said detectors comprise 
phototransistors. 



1 5 48. The integrated circuit of claim 45, \niierein said detectors ftnther comprise one 
or more transimpedence amplifiers and one or more low pass filters. 



49. The integrated circuit of claim 45, vsdierein said detectors further comprise 
20 integrators. 



50. The integrated circuit of claim 37, fiirther comprising one or more optical 
filters between said materials and said detectors. 

25 

51. The integrated circuit of claim 37, fiirther comprising one or more lenses 
between said materials and said detectors. 



30 
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52. The integrated circuit of claim 37, wherein said luminous responses are in the 
visible spectral region. 



5 53, The integrated circuit of claim 37, wherein said luminous responses are in the 
near infrared spectral region. 



10 



20 



54. An integrated circuit comprising: 
(a) a source of light; 



(b) a probe capable of hybridisdng with a particular nucleic acid sequence 
and including a label capable of responding to light received from the 

1 5 light source; and 

(c) a phototransducer operable to generate an electrical signal in response 
to emitted, absorbed or scattered light 



55, The integrated circuit of claim 54, wherein said source of light comprises a 
light emitting diode. 



25 56. The integrated circuit of claim 54, wherein said source of light comprises a 
laser. 



57, 

30 



The integrated circuit of claim 54, wherein said phototransducer comprises 
one or several photodiodes. 
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58. The integrated circuit of claim 54, wherein said phototransducer comprises 
one or several phototransistors. 

5 

59. The integrated circxiit of claim 54, wherein said phototransducer comprises a 
transimpedence amplifier and a low pass filter, 

10 

60. The integrated circuit of claim 54, wherein said phototransducer comprises an 
integrator. 

15 61 . An apparatus for detecting a polynucleotide, said apparatus comprising: 

(a) an integrated circuit; 

(b) a source of light on the integrated circuit; 

20 

(c) a phototransducer on the integrated circuit operable to generate an 
electrical signal in response to a light; and 



(d) a surface adapted to hold a sample of a material that may contain the 
25 particular nucleic acid sequence, said material containing a probe 

vAnch has a tag that emits said light in response to light received firom 
the source of light, said surface positioned on the integrated circuit to 
enable light fi-om the source to be received by said material and light 
emitted by said tag to be received by said transducer. 



30 
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62, The apparatus of claim 61, wherein said source of light comprises a light 
emitting diode. 

5 

63- The apparatus of claim 61 , wherein said source of light comprises a laser. 



64. The apparatus of claim 61, wherein said phototransducer comprises one or 
1 0 several photodiodes. 



65, The apparatus of claim 61, wherein said phototransducer comprises one or 
several phototransistors. 

15 
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